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Abstract 
In arid and semi-arid deserts, soils are commonly covered with biological soil crusts.  The 
study of arid biocrusts and their ecological function has become increasingly common in 
the literature over the last several decades.   Interestingly, no mention is made of 
biological soil crusts in forested ecosystems, raising the question as to whether they exist 
in these areas and if they do, why they have yet to be recognized as such?  Through the 
use a parallel logic, this study finds that biocrusts do indeed exist in forests, a novel 
relationship in forest ecology and seeks to determine if there exist ecophysical 
explanations for the abundance and distribution throughout the forest landscape.  
This study examined the effects of climate variables and substrate types on the 
abundance, distribution and overall cover of forest soil biocrust at fifty-two sites in 
southern Oregon, U.S.A.  Sites were randomly selected within established buffer zones in 
the Siuslaw, Rogue-Sisikyou, Umpqua, and Fremont-Winema National Forests.  The 
methods of Belnap et al 2001 were tested and then modified for application in forested 
ecosystems.  Data were collected on the relative abundance and distribution of biocrust 
morphological groups across available substrates, community biocrust morphology, 
aspect, elevation and soil texture, pH and organic matter content.  Site-specific data on average annual precipitation and minimum/maximum temperatures was collected using 
the PRISM Climate Model.  
This study found substrate colonization by specific morphological groups mixed across 
the study; though dominant communities were observed for each substrate present, 
substrate availability appears to be confounded by a number of variables (climate, stand 
age and structure and litter layer) not controlled for in this study.  Biocrust community 
morphologies varied across sites, primarily influenced by the surface texture of the 
substrate and morphology of the individual.  Relatively smooth surfaces (rock, bare soil) 
often resulted in smooth biocrust morphologies, whereas rough surfaces (dead wood, bare 
soil) tended to result in a rolling morphology. Litter layer directly influenced the relative 
proportion of substrates colonized, notably affecting dead wood and mineral soil 
biocrusts.   Total biocrust cover increased as precipitation increased as did biocrust 
preference for dead wood substrates while mineral soil remained unchanged and rock 
surfaces were negatively represented.  Aspect generally followed the anticipated 
distribution of total biocrust cover with the highest cover on N and NW aspects and 
lowest on the W aspect.  Increases in elevation were negatively related to overall biocrust 
cover. Soil texture was not found to be directly related to overall biocrust cover, 
attributed in part to the highly adaptive nature of the biocrust community.  Soil organic 
matter (SOM) influenced total biocrust cover with positive correlations between total 
cover and increasing SOM content.  Soil pH increased as expected across the 
precipitation range (17 to 159 in/yr) of the transect.  Total biocrust cover was found to 
trend with soil pH, but is believed to be attributed to the parallel relationship between 
precipitation and pH, rather than pH alone given the relative moderate pH range (4.39 to 
6.54) of the study.  The distribution and abundance of forest soil biocrusts is strongly 
influenced by precipitation.  The confounding influence of precipitation to litter layer 
depth and organic matter content (through gradients of vegetative productivity) and soil 
pH further are concluded to influence substrate preference by morphological groups.   Across the variables examined, similarities between the two communities (arid and 
forest) in response to climate and soil chemistry show parallel relations, justifying the 
formal establishment of biological soil crust community in forested regions. The 
differences between communities related to the presence of trees validate the 
establishment of forest soil biocrusts as distinct community in both form and ecological 
function with the forests.  
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Chapter 1: Introduction to Biological Soil Crusts in Forest Ecosystems 
 
 2 
 
 
1.1 Defining Biological Soil Crusts 
Temperate forests are an actively complex system, home to a diverse plant and animal 
community often dependent on the existence of one for the survival of another.  Common 
in these environments and inhabiting both the forest floor as well as the overstory trees, 
are moss, lichen, liverworts, cyanobacteria, microfungi and bacteria, collectively referred 
to in arid ecosystems as biological soil crusts (Belnap et al., 2001).   
Biological soil crusts (biocrusts) are widespread across nearly all terrestrial ecosystems, 
each uniquely adapted to diverse and varied environments.  Collectively, this interactive 
group of organisms was first established as a community, formally coined ‘biological soil 
crusts’, in the 1990s.  Biological soils crusts are also commonly referred to microbiotic, 
cryptobiotic, microphytic or cryptogamic soil crusts in the literature (Blank et al., 2001; 
Hodgins and Rogers, 1997; Prasse and Bornkamm, 2000). For the purposes of this study, 
the term ‘biological soil crusts’ as related to the forested ecosystem will more specifically 
refer to this collective of organisms (and their remains) inhabiting the forest floor, the 
composition of which is inclusive of mineral soil, woody debris and rocks.  From the 
point of view of the soil-profile description, the domain of the biocrust is inclusive of the 
O, A and, in immature soils, the C horizons. 
Thoroughly studied in arid environments over the last two decades, the importance of 
biocrust function and conservation has been well-established.  In forested, more humid 
ecosystems, this field of study has yet to fully define the complex nature of the 
relationship between biocrusts and forest soils.  In general terms, biological soil crusts 
provide key functions specifically related to soil through mitigation of erosion (Alam et 
al., 2012; Midmore et al., 1996), moderation of soil temperature (Ryömä and Laaka-
Lindberg, 2005), soil moisture retention (Hawkes and Flechtner, 2002; Raabe, 2010; 
Waite and Sack, 2011) and nutrient cycling (Baldwin and Bradfield, 2007; Drever et al., 
2006; Maestre et al., 2005).  As a component of the forest ecosystem, biocrusts function 
to repress understory growth (Kayes, 2008; Sedia and Ehrenfeld, 2003), enhance 3 
 
establishment of overstory growth (Sedia and Ehrenfeld, 2003), provide habitat for forest 
organisms and sequester carbon, nitrogen and phosphorus (Turetsky, 2003a) as well as 
other nutrients and heavy metals (Frahm, 2004; Lewis, 2005; Saxena, 2004).  In turn, 
soils and related factors influencing soil formation dictate through soil type, climate, 
organisms, relief/topography, parent material, age and location (SCORPAN), the 
distribution, abundance and community composition of biocrusts across landscapes.   
The theory behind SCORPAN (McBratney et al., 2003) seeks to describe the 
interconnected nature of soil (s), climate (cl), organism (o), relief/topography (r), parent 
material (p), age (a) and location/geographic point (n) on soils and soil formation: 
S=f(s,c,o,r,p,a,n) and is adapted from Hans Jenny’s original Factors of Soil Formation in 
which S = f(cl,o,r,p,t). 
Using climate factors as an example, precipitation influences the relative chemistry of 
soils and determines, in large part, how rapidly soils develop; coupled with moisture, 
temperature dictates the degree of biological activity within the soil, also influencing soil 
chemistry and development.  Relief can determine the stability of a soil and relates to soil 
texture, largely a function of parent material and climate.  Aspect influences more 
localized climate conditions, determining in part the localized climate and therefore the 
suitability of a site for specific organisms which in turn influences soil chemistry and 
development.   Holding climate constant, soil chemistry remains influenced by the 
mineralogy of the original parent material as well as organic inputs from organisms.  This 
is sampling of the relationship between these variables and soils/soil formation. 
1.2 Study Purpose 
The goal of this study is to gain an understanding of the abundance and distribution of 
biocrusts in Oregon forested ecosystems across climates ranging from semi-arid to 
temperate forests, positing that parallelism exists between biocrusts of arid environments 
and those of humid environments and that knowledge of the former translates to the 
latter.  Understanding and relating how select SCORPAN factors (in particular climate 
and soil) influence the abundance and distribution of biological soil crusts in forested 4 
 
landscapes is key to this goal.   While the definition of biological soil crust will not 
change across landscapes, the dominant community members are anticipated to transition 
from a lichen-dominated community in arid environments (Belnap et al., 2001) to a 
bryophyte-dominated community in more humid regions (Hawkes and Flechtner, 2002; 
Newmaster, 2003; Thompson et al., 2006).  Secondarily, this study will also serve to 
establish, for the first time in the published literature, morphological keys and 
descriptions specific to forest soil biocrusts, with nomenclature paralleling that 
established for arid soil biocrusts in order to provide continuity across climate regimes. 
 
1.3 Biological Soil Crust Composition 
In order to understand the complex nature of biocrust community abundance, 
distribution, and interactions within the forest ecosystem, one must first establish a 
rudimentary understanding of the form and function of the lichen, moss, liverworts, 
cyanobacteria, microfungi and bacteria that comprise these communities.  The following 
will provide a brief overview of the individual nature of these organisms, the depth and 
breadth of which will be expanded in subsequent chapters as applicable. 
Lichen are comprised of symbiotic relationships between fungi and a collective of algal 
cells, woven together in an intricate complex.  Reproducing asexually in these symbiotic 
units, asexual reproduction occurs through the fragmentation of the organism or through 
the dispersal of air-born components known as soredia (a conglomerate of fungal hyphae 
and algal cells); sexual reproduction also occurs.  Lichen are considered key pioneer 
species and readily colonize barren areas such as rocky outcroppings.  The metabolic 
pathways of the lichen are essential in the first steps of soil formation through the 
secretion of enzymes that break down rocks and establishing a pathway for future plant 
establishment and succession (Bates and Farmer, 1992).  Lichen are found globally 
growing on a variety of substrates and across climates, with a number of species tolerant 
of severe temperature extremes.  Lichens are highly desiccation tolerant becoming 
photosynthetically dormant when the water content of the organism drops below a certain 
level.  In climates with limited moisture availability, climate dictates a very short 5 
 
growing season for these organisms resulting in annual growth rates in the millimeter 
range (Pharo and Vitt, 2000).  Despite their ability to tolerate diverse climates, lichen are 
highly susceptible to pollution, making them ideal bioindicators of atmospheric pollution 
(Bates and Farmer, 1992).     
Bryophytes are commonly known as mosses, liverworts and hornworts.  Though 
bryophytes are avascular plants they have become well adapted to terrestrial life in moist 
climates and can absorb many times their weight in water.  Bryophytes require moisture 
during sexual reproduction in order to allow for the movement of sperm into the 
archegonium housing the egg.  Asexual reproduction in mosses via fragmentation is also 
common, especially in more arid environments when the moisture criteria for sexual 
reproduction are seldom met.  Dissimilarly, asexual reproduction in liverworts generally 
requires rainfall to stimulate the release of gemmae from liverwort.  As with lichen, 
bryophytes are highly desiccation tolerant and photosynthetically active only when 
minimum moisture thresholds are met.  Adept at filtering and sequestering dissolved and 
atmospheric substances, bryophytes are becoming increasingly recognized as valuable 
tools in monitoring the ecological health of ecosystems (Bates and Farmer, 1992).   
Cyanobacteria are commonly referred to as blue-green algae and are prokaryotic in 
nature.  Cyanobacteria exist in a number of morphologies (solitary, colonial and multi-
cellular) and are found in soils as well as fresh and saltwater environments. 
Photoautotrophs, cyanobacteria function in a metabolically similar manner to plants.  Of 
significance, globally cyanobacteria are among the few organisms able to fix nitrogen 
from the atmosphere.   Within certain species of filamentous cyanobacteria, specialized 
cells known as heterocysts reduce atmospheric nitrogen to ammonia.  Through the 
production of the nitrogenase enzyme within specialized heterocysts found in filamentous 
cyanobacteria, atmospheric nitrogen is converted to ammonia, which in turn is 
bioavailable to other organisms (Matzek and Vitousek, 2003; Menge and Hedin, 2009; 
Ponzetti and McCune, 2001; Turetsky, 2003).   6 
 
Bacteria are a widely diverse group of organisms, evolved to exist in a myriad of 
climates and conditions and inclusive of the extremophiles found in habitats otherwise 
inhospitable to life.  Bacteria reproduce asexually through binary fission with the growth 
of the bacterial community limited only by nutrient availability or accumulation of toxic 
metabolites. Bacterial species can be autotrophic or heterotrophic.  Metabolically diverse, 
distinct species of bacteria are able to decompose organic matter, fix carbon dioxide and 
atmospheric nitrogen and generate oxygen in soil ecosystems.  Further indicative of their 
diversity, bacteria commonly form symbiotic mutualistic relationships with other 
organisms while other forms are known to be parasitic or pathogenic.  Bacteria are highly 
functional in the bioremediation of wastes and are commercially significant in a number 
of industries (Bardgett et al., 2005). 
Microfungi exist in free-living and mutualistic mycorrhizal forms.  In concert with 
bacteria, free-living microfungi function as the primary decomposers of the soil 
ecosystem, reducing and recycling nutrients for future generations of organism (Avon et 
al., 2010).  Mycorrhizal microfungi associate mutualistically with plant roots, exchanging 
accumulated soil minerals for plant-synthesized organic nutrients while greatly increasing 
the absorptive surface area of the plant roots.  In forested ecosystems, a majority of the 
trees and other vascular plants form such associations (Turetsky, 2003) . 
1.4 Morphological Groups 
As described in the previous section, biocrust communities are comprised of both macro 
and microscopic organisms.  For the purpose of this study the focus will be on the 
macroscopic components readily visible to the naked eye.  Modifying the already well-
established morphological index for biocrusts (Belnap et al., 2001), this study will focus 
on the biocrust community inclusive of the mosses, liverworts and lichen. Presented in 
the appendix, the morphological keys to forest soil biocrusts provide a visual and 
descriptive guide to aid in determining morphological type. 7 
 
1.5 Physical Crusts in Forest Ecosystems 
Distinct from biological soil crusts exist physical crusts, typically formed from soils in 
arid environments and also recognized as accumulated litter layers in forested systems 
(Belnap et al., 2001; Sayer, 2006).  Physical crusts generally act as a barrier to plant 
establishment (Belnap et al., 2001).  Physical soil crusts are well-documented in exposed 
soil with little plant cover in arid environments.  These crusts generally result from 
disturbance and water erosion in most soil types, primarily the result of poor soil 
aggregation and the subsequent interaction of soil particles (Belnap et al., 2001).  In 
temperate forests many of the available substrates are colonized by plant or biocrust 
communities, limiting physical crusting to forms comprised chiefly of organic matter 
accumulations (pine needle mats, etc.) (Sayer, 2006).  While functional in the nutrient 
cycling of the forest, these accumulations may also potentially inhibit plant growth 
(Sayer, 2006). Conditions indicative of the presence of physical soil crusts form primarily 
in temperate forest ecosystems as a result of poor soil structure and disturbance (Adams 
and Froehlich, 1981; Omi, 1986). 
1.6 Distribution of Biocrusts across Landscapes 
Of increasing interest in the ecological community is an understanding of the complex 
nature of biocrust distribution and abundance across landscapes.  Biocrusts are comprised 
of an extremely diverse community, adapted globally to a wide range of climates and 
soils (Belnap et al., 2001; Bowker et al., 2006).  Community composition is complexly 
related to variation in climate, substrate preferences, soil chemistry and mineralogy and 
biotic interactions (Raabe, 2010).  Across climate regimes from arid deserts to semi-arid 
deserts and woodlands to temperate forests, these factors are highly variable.  Combined, 
these factors superimposed upon regional soil and climate gradients provide indictors for 
biocrust distribution and abundance in arid environments (Heinlen and Vitt, 2003; 
Ponzetti and McCune, 2001).  Though globally distributed, the following will highlight 
biocrust abundance and distribution across arid, semi-arid and temperate regions. 8 
 
1.6.1 Arid Regions 
In arid regions, biocrusts have received growing attention over the last few decades, their 
ecological functionality increasingly recognized as a key component of ecosystem health 
in these environments.  In arid shrub-steppe environments, biocrust abundance has been 
positively correlated with low pH, electrical conductivity and Calcareous Index Value 
(Belnap et al., 2001; Bowker et al., 2006). Biocrust abundance and distribution in this 
exposed environment are strongly influence by soil chemistry and microscale variables.  
Physiologically adapted to the nutrient poor soils of the arid environment, soil chemistry 
dictates the presence or absence of biocrusts while microclimate and microaspect act as 
the primary drivers of biocrust community structure (Bowker et al., 2006).  Biocrusts of 
the arid regions are highly susceptible to disturbance and are most commonly impacted 
by livestock grazing (Mitchell, 1991; Ponzetti and McCune, 2001).  Decades to centuries 
are required to restore biocrust abundance and distribution to post-disturbance levels 
given adequate conditions (Belnap et al, 2001; Bowker et al., 2006) . 
1.6.2 Semi-Arid Regions 
In transition from arid to semi-arid woodlands, the influence of climate gradient and soil 
are key influences in the composition of biocrust communities  (Ponzetti and McCune, 
2001).  Increasing precipitation in semi-arid regions results in measurable compositional 
changes in the soil biocrust community relative to arid environments, with bryophyte 
species dominate over lichen across these landscapes (Belnap et al, 2001).  
As in arid environments, soil chemistry has a strong influence on the abundance and 
distribution of biocrusts (Ponzetti and McCune, 2001) and a range of soil textures were 
found to support biocrust communities (Chamizo and Cantón, 2009; Manier and 
Thompson Hobbs, 2006; Zelikova et al., 2012).  In some semi-arid woodlands, these 
biocrusts exist in patches, which though potentially small and infrequent, are generally 
typified by a relatively high diversity of biocrust species (Thompson et al., 2006).  
Disturbance effects in semi-arid regions appear to vary by study, with livestock grazing 
having no measurable effect in some areas (Manier and Thompson Hobbs, 2006; 9 
 
Thompson et al., 2006), while others demonstrate this disturbance to have a negative 
impact on biocrust abundance and distribution (Hodgins and Rogers, 1997).   
1.6.3 Temperate Regions 
Temperate forests are associated with a shift in biocrust community composition to 
bryophyte-dominated crusts, similar to that of the sub-boreal forests (Botting and 
DeLong, 2009).  Within temperate mixed forests, biocrust abundance and distribution is 
largely determined by substrate availability, tree species composition, and stand structure 
(Botting and DeLong, 2009; Newmaster, 2003; Rambo, 1997). Specifically, open patches 
of soil, exposed rock and logs are positively correlated with bryophyte diversity and 
abundance, whereas litter layer from deciduous trees result in negatively impacted 
bryophyte presence (Tinya et al., 2009).  Biocrusts are found to be most common in areas 
of low disturbance and sparse ground-cover with stable soil surfaces, with dense tree 
cover not a significant limiting factor (Newmaster, 2003).  
Western Oregon forests show marked increase in bryophyte diversity in old growth 
stands, attributed largely to habitat diversity through an abundance of woody debris in 
various states of decay (Rambo, 2001).  In cedar forests of similar climate regime, stand 
age and habitat heterogeneity have been determined to be most influential in determining 
bryophyte diversity distribution (Newmaster, 2003).  Within such forest communities, 
microclimate environments may further direct species diversity of biocrusts (Rambo, 
2001).  Bryophyte abundance in these forests has been positively correlated with 
hardwood presence and canopy gaps while negatively correlated with dense stands that 
may be light-limiting (Rambo and Muir, 1998). 
1.7 Soils 
Soils and their associated chemistry largely determine the suitability for plant life.  Like 
vascular plants, biocrusts are bound by physiological constraints in order to exist and 
propagate, and like many other organisms have developed an array of adaptations that 
allow widespread distribution throughout a varied and sometimes seemingly inhospitable 
soil environment (Lewis, 2005).  Biocrusts are unique in that they are able to sequester 10 
 
many times what they require physiologically for life in terms of minerals and nitrogen, 
the presence of which can be, in part,  attributed to soil type and chemistry (Turetsky, 
2003).  Shallow and droughty lithic soils that limit vascular plant growth can create ideal 
niches for biocrusts (Belnap et al., 2001).  Interestingly, nutrient poor soils in some areas 
have been documented to more successfully support greater overall biomass of biocrusts 
than nutrient rich soils within the same climate (Waite and Sack, 2011).  Soil properties 
most significantly influencing biocrusts are texture, mineralogy, moisture, pH and other 
chemical conditions.  
1.7.1 Soil texture  
Soil texture can play a significant role in the community composition of the biocrust 
community.  Bryophytes present on shifting sand dunes in lake and coastal areas are 
highly successful in colonizing these habitats and have been demonstrated to be much 
more tolerant of burial by shifting sands than their forest-dwelling cousins in adjacent 
transects (Martinez and Maun, 1999).  In other environments, clay soils are found to be 
preferentially recolonized over coarser textured soil post-disturbance (Shiels et al., 2008).  
In arid regions, biocrust communities exhibit greater stability in clay soils over sand, due 
in large part to the inherent ability of clayey soils to retain moisture and nutrients, while 
sandy soils are often well-drained and nutrient poor (Belnap et al., 2001).  Similarly in 
semi-arid woodlands, loamy soils supported a greater biocrust abundance and diversity 
than did sandy soils (Thompson et al., 2006). These cases provide generalized examples 
of the adaptation of biocrust communities to specific environments.  Clearly of influence 
in terms of biocrust distribution and abundance, the aforementioned examples indicate a 
direct correlation between soil texture and climate in determining areas suitable in 
meeting the needs of biocrust communities. 
1.7.2 Soil moisture 
As demonstrated, soil moisture directly influences the suitability of a given soil texture 
within a specific climate range to provide suitable habitat for biocrusts.  This relationship 
is critical to understanding preferential biocrust distributions, the diversity of which is, in 11 
 
large part, driven by soil moisture levels (Raabe et al., 2010; Thompson et al., 2006). The 
near-surface humidity experienced by organisms on the soil surface is directly influenced 
by a soil’s water holding capacity and thickness of the O-horizon (Raabe et al., 2010). 
Several studies indicate it is atmospheric moisture than has been shown critically more 
important than soil moisture given the relatively small surface area interface of biocrust 
and soil in comparison to biocrust and the atmosphere  (Graf and Rochefort, 2010; 
Klepper, 1963).  This is significant as moisture is critical to biocrust metabolism (Proctor, 
2000; Robinson et al., 1989).  Other studies indicate that biocrust diversity is directly 
related to soil moisture (Raabe, 2010) through near-surface humidity, or that humidity 
experienced by the biocrust as a result of soil moisture (Delworth and Manabe, 1989; 
Raabe, 2010). 
1.7.3 Soil chemistry  
Soil mineralogy and chemistry further influence the biocrust community and can vary 
greatly in relation to climate gradients and community composition.  Soils typified by 
low electrical conductivity and calcareous index values most commonly support biocrust 
communities in arid climates (Ponzetti and McCune, 2001b).  Ultramafic soils have been 
observed to have overall a lower biocrust species richness, abundance and diversity than 
soils of non-ultramafic or glacial till origin (Lewis, 2005). Colorado Plateau soils of shale 
origin inhibit biocrust presence in these arid climates (Bowker et al., 2006).  Gypsiferous 
soils exhibit high biodiversity in biocrusts because high sulfur and calcium result in a low 
abundance and biodiversity of vascular plants (Belnap et al., 2001). Soil mineralogy with 
high electrical conductivity values are also inhibitory to biocrust communities (Ponzetti 
and McCune, 2001b). Along the Colorado Plateau,  soils with high levels of Mn, Zn, K 
and Mg  favored biocrust presence, whereas high P and CaCO3 did not (Bowker et al., 
2006).  In contrast, temperate biocrusts are tolerant of and able to sequester measurable 
quantities of P from the environment (Meyer, 1979); in these climates P deficiencies can 
be a limiting factor in biocrust growth (Richardson et al., 2004; Turnbull et al., 2005). 12 
 
Soil pH results from soil chemistry and is highly variable across climate gradients with 
noted effect on the abundance and distribution of soil biocrusts.  In arid regions, areas 
with relatively low pH best supported total biocrust cover (Bowker et al., 2006; Ponzetti 
and McCune, 2001b).  The more acidic pH of soils in temperate forest are largely 
influenced by inputs from overstory vegetation (Finzi et al., 1998) and can influence the 
community composition of biocrust in forest soil especially in instances in which the 
canopy allows for adequate light penetration and litter accumulations are minimal (Bao, 
2005; Moora et al., 2007). 
Biocrusts, chiefly lichen, play a functionally significant role in the weathering of minerals 
through the accelerated decomposition of rock surfaces (Jackson and Keller, 2012).  
Biocrusts weather rock physically through the introduction of hyphae into cracks in rock, 
and chemically through the secretion of organics acids and respiration of	CO , further 
influencing soil chemistry (Chen et al., 2000).  The H+ ions of oxalic acid secreted by 
biocrusts are primarily responsible for the unique mineralogies derived from this type of 
chemical weathering, accelerating the formation of clay minerals and iron oxides (Chen 
et al., 2000).  Iron oxides associated with biocrust weathered minerals are mineralogically 
distinct from iron oxides not subject to biocrust chemical weathering.  In Hawaiian 
basalts, biocrust presence is associated with accelerated weathering of recent lava flows 
(Jackson and Keller, 2012). 
1.8 Influence of SCORPAN 
Across landscapes, the factors that are key to soil genesis and function across these 
landscapes are vital to the understanding of distribution of forest soil biocrusts.  While 
the following will attempt to simplify and isolate these studies into one of seven 
SCORPAN categories, it should be kept in mind that the very nature of SCORPAN 
dictates that each of these factors is inextricably linked to the others, and thus can never 
truly be held independent (Jenny, 1941).  SCORPAN is represented in this study in 
modified form by: 
O=f(s, c, r, p, a, n) 13 
 
in which the abundance and distribution of forest soil biocrusts (O) is a function of soil, 
climate, relief/topography, parent material, age and geographic location.   
1.8.1 Climate 
Climate plays a significant role in the distribution of organisms across a landscape.  
Biocrust distribution,  and more specifically community composition,  is largely climate-
dependent (Fenton and Bergeron, 2009; Ponzetti and McCune, 2001; Raabe, 2010).  
Biocrusts that exist in arid environments are clearly adapted to effective temperature and 
precipitation in the environment (Aude, 1998).  These factors also play a significant role 
in the distribution and abundance of their morphologically distinct forest ecosystem 
counterparts (Drever et al., 2006).  Driven in large part by climate variables, such 
adaptations are expressed through community composition.  At the most simplistic level, 
this equates to a biocrust community largely comprised of lichens in arid environments 
and dominated by bryophytes in forest soils (Bowker et al., 2006; Ponzetti and McCune, 
2001). 
 
Though uniquely different in community composition than their arid cousins, forest 
biocrusts do similarly show preference for specific growing climates and microclimates. 
A recent study compared the warm, dry and wet, cool forests of Vancouver Island, 
Canada within clear-cut, second-growth and old-growth stands to determine the impacts 
stand age and climate have on bryophyte richness, abundance and resilience.  It was 
determined that wet, cool forests achieved a more rapid recovery rate than warm, dry 
forests, indicating that biocrust resiliency after disturbance is largely climate driven 
(Baldwin and Bradfield, 2007).  Similarly, in temperate montane forests soil moisture has 
been demonstrated to be the main driver of bryophyte abundance and diversity (Raabe et 
al., 2010).   
 
The significance of climate with relation to biocrust distribution and abundance has 
significant implications for soil/biocrust interfaces.  Bryophytes influence the local soil 
climates by increasing available soil moisture (by acting like sponges), moderating soil 14 
 
temperatures (by insulation) and influencing the composition and production of soil 
organic matter (by their decay products) (Turetsky, 2003). Lacking the well-developed 
vascular system of other plants, bryophytes uptake water and solutes over the full surface 
area of the plant, while the absence of the waxy cuticle common to vascular plants allows 
for free exchange of water and nutrients in and out of the plant (Turetsky, 2003). During 
periods of drought, this unique physiology dictates that bryophytes readily leach their 
accumulated nutrients into the surrounding environment, increasing plant and microbe 
available nutrients within the soil.  This occurs without adverse impact to the organism 
given the desiccation-tolerant nature of many bryophytes, a key adaptation largely 
influenced by available moisture (Proctor, 2000).  Biocrust-available moisture is, in forest 
ecosystems, largely tied to substrate preference (mineral soil versus decayed wood) 
(Rambo, 2001). The forest floor provides a multitude of microhabitats specific to 
growing needs of different species of the biocrust community.  Biocrust species may 
exhibit largely varied needs in terms of growing conditions, individually suited to the 
natural variation that exists within the forest. Extrapolated in terms of future changes in 
climate, biocrusts relying on deadwood for habitat are likely to be more susceptible to 
change in temperature and moisture, whereas mineral soil surface biocrusts are 
speculated to remain largely unaffected (Raabe et al., 2010). 
 
1.8.2 Age 
Soil age directly influences soil texture and nutrient availability.  While there exists a 
limited literature base examining the relationship between soil age and biocrust 
abundance, it has been determined that in terms of sheer biomass and nutrient 
sequestration, bryophytes on older Hawaiian soils are found to have higher overall 
biomass and nitrogen and phosphorus tissue concentrations than those established in 
younger soils (Raich et al., 1997). This same study indicates the greatest factors 
influencing biocrust community composition are the significant interactions observed 
between elevation, soil age and species (Waite and Sack, 2011).   
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1.8.3 Organisms 
As with any system, the type and distribution of organisms associated with the forest 
ecosystem play a key role in biocrust existence and survival, providing both positive and 
negative feedbacks which in turn influence biocrust distribution. Bryophytes have been 
documented to fill niche spaces left by other vascular plants through disturbance 
(Looman, 1964).  In turn, understory plants within the forest community typically repress 
biocrust growth (Hautala et al., 2007) while the overstory canopy can promote growth 
(Waite and Sack, 2011).  As a functional part of the forest ecosystem, forest soil biocrusts 
provide both food and habitat for forest soil invertebrates, fungi and bacteria. Biocrusts 
are key in nutrient cycling, sequestering essential nutrients as well as carbon, nitrogen, 
phosphorus (Waite and Sack, 2011) and heavy metals (Schroeder and Pesch, 2007).  
Biocrusts rely not only on interactions with forest flora but fauna as well in order to 
propagate and colonize specific habitat areas.  Zamfir (2000) observed that bryophytes 
establishing in grasslands or meadows seldom produce sporophytes but rely heavily on 
disturbance for reproduction and future colonization.  Animal disturbance in these areas 
create moss fragments as a result of mechanical disturbance (During, 1990), a system that 
serves the dual purpose of creating open patches in these habitats, providing prime 
microhabitats for biocrust communities.   These communities are subsequently 
established through competitive bryophyte hierarchies based upon the initial spore 
density for each species (Zamfir, 2000; Marino, 1991).  Further influenced by 
interspecific competition, ultimately biocrust community composition appears primarily 
driven by spatial patterns; each colony acting as a cohesive unit, competing along edges 
with others for space and resources (Proctor, 1982). 
1.8.4 Relief and Topography 
The relief and topography of an area can provide exposed rocky outcrops ideal for 
biocrust establishment, whereas the aspect of a hill slope may create an ideal mesoclimate 
for thriving biocrust communities.  The relief and topography of an area are generally 
accepted to have a direct influence on soil creep and sediment flow, impacting the 16 
 
vegetative communities that colonize these areas.  Perhaps counter intuitively, in a South 
American landscape prone to landslides, the degree of slope stability in dioritic soils is 
not a factor driving colonization of biocrusts after disturbance, while elevation, clay 
content and water holding capacity are all positively correlated with bryophyte 
recolonization (Shiels et al., 2008).  In Hawaii, bryophytes at higher elevations exhibit 
greater canopy cover and are more abundant in phosphorus than lower elevation 
bryophytes (hypothesized to be the result of a physiological adaptation to cold tolerance), 
despite higher elevation soils being more nutrient-poor than soils at lower elevations 
(Waite and Sack, 2011).   
1.8.5 Location 
Bryophytes are widespread throughout nearly all terrestrial ecosystems and through 
speciation have become widely adapted  to a wide spectrum of climates (Turetsky, 2003).  
So successful are biocrusts in adapting to different climates that the net primary 
productivity of biocrusts in the polar regions rivals that found among biocrust 
communities in boreal and temperate regions (Fenton, 2012).  As described earlier in this 
chapter, the community composition of biocrusts changes dramatically across landscapes 
and climate gradients.  
At a finer resolution, location can be viewed in terms of patches throughout the forest 
landscape.  Forest fragmentation due to logging or natural disturbance has been 
determined to influence biocrust communities, most specifically as a function of patch 
size and edge effects (Lukzaj and Sadowska, 1997). In essence, these factors determine 
the ease with which recolonization, species richness and abundance occur; Generally 
edge effects (the effects experienced by organisms on the ‘edge’ of disturbance) are 
inversely related to biocrust patch size (Baldwin and Bradfield, 2005; Wolf, 2012). 
Edge effects have been found to directly influence biocrust communities, specifically 
bryophytes.   Biocrusts subject to edge effects experience increasing species richness 
relative to those not impacted by edge effects; however, overall species composition is 
not significantly impacted by edge effects (Lukzaj and Sadowska, 1997).  These 17 
 
relationships will be elaborated in the section on forest management practices.  This 
phenomenon is largely attributed to ‘bryophytisation’ (Gonschorrek, 1977) in which the 
physical process of weathering removes excess litter layer leaving behind ideal habitat for 
bryophyte establishment.  Edge effects have also been noted to adversely impact the 
abundance and distribution of other members of the biocrust community in forest soils 
(section 3.2.1).  Discussed in further detail in section 3.1, mechanical disturbance 
generated from animal or human activity also contributes to the spatial variation of the 
forest floor, opening patches of potential habitat for biocrust colonization (Zamfir, 2003). 
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2.1 Influences on Biocrust Abundance and Distribution 
Biocrusts fill an important ecological role across diverse landscapes, inhabiting most 
terrestrial environments.  Successful as primary colonizers, biocrusts mitigate the impacts 
of natural and man-made disturbance (Hawkes and Flechtner, 2002; Jonsson and Esseen, 
1990; Ryömä and Laaka-Lindberg, 2005).  Biocrust are a key component of nutrient 
cycling in soils (Baldwin and Bradfield, 2005), sequestering carbon (Turetsky, 2003; 
Yanai et al., 2000), nitrogen (DeLucia et al., 2003; Hawkes, 2003) and plant essential 
nutrients (Büdel and Veste, 2008; Zelikova et al., 2012).  Functionally, biocrusts 
influence vascular plant distributions and aid in seedling establishment (Staunch et al., 
2012; Zamfir, 2003).  Biocrusts also provide a host of ecosystems services related water 
cycling (Bond-Lamberty and Gower, 2011) and the bioremediation of toxic substances in 
the environment (Saxena, 2004; Schroeder and Pesch, 2007).  Widely recognized as 
bioindicators of ecosystem health, biocrust communities are selectively sensitive and 
responsive to a range of environmental factors (Boelen et al., 2006; Schroeder and Pesch, 
2007; Zelikova et al., 2012).  The following will examine the complex nature of the 
relationship between these factors and the biocrust community. 
2.1.1 Response to Disturbance 
Biocrust response to disturbance is widely varied and strongly influenced by the nature of 
the disturbance as well as the prevailing climate; the magnitude and severity of which are 
influential drivers of biocrust abundance and distribution.  
2.1.1.2 Erosion 
Biocrusts, specifically those dominated by bryophytes, are becoming increasingly 
recognized for their ability to mitigate and prevent erosion in disturbed forest ecosystems 
and are considered well-adapted to moderate levels of disturbance (Hawkes and 
Flechtner, 2002; Jonsson and Esseen, 1990; Naiman and Decamps, 1993). Biocrusts play 
an integral role in preventing mass wasting events through binding and stabilizing the 
surface of the soil mineral horizon and providing a protective physical barrier to rainfall 20 
 
impacts and soil detachment (Chamizo and Cantón, 2009). In areas of increasing 
disturbance in India’s Nilgiri forests, human disturbance and resultant biocrust removal 
are observed to correspond with marked increase in landslide events and the decrease in 
biocrust biodiversity (Alam et al., 2012).  In semi-arid environments, a marked localized 
increase in erosion is observed in areas in which biocrusts had been trampled and 
disturbed in comparison to those that remained intact in areas where lichen cover 
predominated (Belnap et al., 2001). In areas dominated by bryophytes, no significant 
difference was noted between disturbed and intact areas, indicating that trampling did not 
significantly change the functionality of this crustal community (Bowker et al., 2006).  
However, in this environment erosion factors were exacerbated in steep terrain with silty 
soils while more moderate terrains with coarser soils experienced a lesser degree of 
erosion (Chamizo and Cantón, 2009).  By contrast, in temperate forest ecosystems such 
disturbance is shown to have a positive impact on overall distribution and abundance of 
biocrusts by creating pockets of habitat readily colonized by biocrust communities 
(During, 1990). 
In temperate regions, biocrusts exist in greatest abundance and diversity in locations 
prone to an intermediate level of disturbance, such as in areas subject to periodic flooding 
along riparian zones (Jonsson and Esseen, 1990). Forest biocrusts exhibit a rapid 
regenerative nature and are able to act as a physical barrier protecting underlying mineral 
soil from temperature fluctuations and erosion, providing a valuable ecosystem service 
through the protection of sensitive riparian zones in managed forests.  The ability for 
biocrusts to act in this critical role hinges largely in managed forests on a clear 
understanding of the necessity of buffer zones (Dynesius et al., 2009; Naiman and 
Decamps, 1993).  In the mesic, udic environments of Sweden, minimum buffer strips of 
10-15 m were insufficient to maintain natural growing conditions for biocrusts, primarily 
due to edge effects (Hylander et al., 2005).  It has been determined that microclimate 
gradients influencing biocrust abundance and distribution can extend up to 50 m from 
waterways (Brosofske and Chen, 1997), whereas wider riparian zones may require strips 
hundreds of meters wide from waterways in order to mitigate edge effects (Olson et al., 21 
 
2007).  These factors accounted for, overall riparian areas show a much higher resilience 
in terms of bryophyte species composition than adjacent upland forested areas post-
disturbance (Dynesius et al., 2009), potentially serving to increase overall biodiversity 
within the forest ecosystem. 
2.1.1.3 Fire 
Disturbance created by forest fire directly impacts the erosion of forest soils as well as 
the presence and distribution of biocrusts.  Biocrust communities exposed to fire exhibit a 
significantly altered composition (Figure 1), both physically and in terms of species 
abundance and diversity (Kayes, 2008).  Fire impacts the available habitats for biocrust, 
limiting the immediate species diversity within forest microhabitats (Hawkes and 
Flechtner, 2002; Ryömä and Laaka-Lindberg, 2005).   Through the charring process 
woody debris is altered and while readily recolonized, is done so not by the pre-burn 
species but rather species known to readily colonize burnt soils (Ryömä and Laaka-
Lindberg, 2005).  It remains unclear as to whether or not these pre-fire species will ever 
be able to recolonize this modified habitat  (Fenton and Bergeron, 2009) and if so, what 
amount of time must elapse before such succession might be observed (Ryömä and 
Laaka-Lindberg, 2005). 
 
Figure 1: Harvested and burned site with desiccated and charred biocrusts.  Site 117, Appendix C. 
In fires of low severity, the biocrust spore bank may persist within the surface mineral 
soil, providing rapid recolonization of burned areas (Ryömä and Laaka-Lindberg, 2005). 
In areas experiencing more severe burns, biocrust recolonization occurs mainly as a 22 
 
function of edge effects, with epiphytic and terrestrial populations on the perimeter of the 
fire more slowly recolonizing the burned area, limited chiefly by dispersal mechanisms 
(Newmaster, 2003).  
Patches of severe fire burn may require decades to reestablish any vegetative cover 
outside of biocrusts and scattered vascular plant community (Kayes, 2008; Ryömä and 
Laaka-Lindberg, 2005). In pine forests of the eastern US, vascular community structure 
in forest patches is strongly influenced by the community composition of the biocrust 
(Sedia and Ehrenfeld, 2003).  Here, lichen-dominated patches remain more barren than 
those dominated by bryophytes.  This effect has been linked directly to the influence of 
tissue components and exudates on seedling emergence; lichen have been shown to 
inhibit such establishment while bryophytes provide a favorable growing medium (Sedia 
and Ehrenfeld, 2003). 
As fire modifies community structure of forest soil biocrusts, it also impacts the 
functional roles associated with the biocrust as a whole.  Cyanobacteria, a key 
microscopic component of biocrust, is chiefly responsible for nitrogen fixation within the 
crustal community (Hawkes, 2003; Menge and Hedin, 2009; Turetsky, 2003).  In biocrust 
communities with abundant cyanobacteria populations, this generally translates to the 
creation of a net nitrogen source (Matzek and Vitousek, 2003).  Fire can play a 
significant role in altering this dynamic because cyanobacteria are highly vulnerable to 
fire, with potentially detrimental impacts to these organisms for years after a fire 
(Hawkes and Flechtner, 2002).  In sites recently exposed to fire, this microbial 
component of biocrust is present to a significantly lesser degree than in those site that are 
10+ years removed from fire disturbance.  The consequence of such disturbance within 
the forest ecosystem is noted in a marked decrease in overall biocrust nitrogen in these 
sites as compared with more aged sites, resulting in a net nitrogen sink (Hawkes, 2003). 
Given the ability of biocrusts to mitigate erosion, the relationship between burn severity, 
biocrust recolonization and soil erosion is clear. Modeling biocrust distribution and 
survival rates post-fire (dependent on fire severity) shows a predictably logical direct 23 
 
impact to soil moisture and perhaps more significantly, soil temperature, consistent with 
preexisting data (Zhuang et al., 2002).  These factors tie directly to the success of future 
stand growth, as soil moisture (enhanced by biocrust presence) directly influences soil 
temperature and ultimately the survival rate of seedlings (Li et al., 2005). 
2.1.1.4 Natural Disturbance 
Yet another driving force in biocrust abundance and distribution are naturally occurring 
and human/animal mediated disturbance of the forest overstory and understory.  Soil 
disturbances within the forest ecosystem have long been recognized as a critical 
component of overall forest health (Stephens, 1956), creating regeneration niches for 
forest understory species (Thompson, 1980), and bryophytes in particular (Bazzaz, 1983).  
Fragmentation of the forest ecosystem through disturbance, both natural and human-
induced, has fairly determinate implications for biocrust communities (Baldwin, 2007), 
creating and amplifying edge effects as well as fragmenting crustal communities 
(Saunders et al., 1991).  Of key interest is the manner in which fragmentation may affect 
the long-term viability of forest soil biocrusts in these ecosystems. In a field study in a 
temperate rainforest, Baldwin (2007) concluded that species richness and abundance are 
correlated directly to patch size in terms of negative impacts, with smaller patch sizes 
more adversely impacted.  However, it was determined that at patch sizes of 3.5 hectares 
or greater, these impacts are negated because the minimum optimal habitat size for 
maintaining bryophyte diversity and abundance has been achieved (Baldwin and 
Bradfield, 2007).  
At a finer resolution, disturbances also drive biocrust community composition and 
distribution.  Treefall disturbance has been studied in pristine old-growth forests in order 
to understand how the natural turnover in the forest ecosystem impacts the biocrust 
community (Jonsson and Esseen, 1990; Rambo and Muir, 1998). Consistent with the 
open habitat gaps created by mechanical disturbance by animals, treefall events also 
provide open patches in the understory which can be readily colonized by the biocrust 
community (Thompson, 1980).   Swedish old-growth spruce forests devoid of fire and 24 
 
human influence provided insight into the impact this disturbance has on the biocrust 
community in terms of species richness, abundance and succession.  Areas of disturbance 
in these forests were recolonized by a highly diverse community of bryophytes, showing 
an overall species richness many times greater than adjacent undisturbed areas.  Of 
further significance is the observation that these newly established habitats included 
species also common in patches 120+ years old, implying that successional pathways in 
this system do not follow the traditional ‘facilitation model’ often utilized to explain 
successional pathways in such a system (Gunnar, 2012).  Rather, bryophyte communities 
appear to establish based upon proximity and access of local spore bank to the disturbed 
site, mirroring Cajander’s (1909) idea that early phases of colonization are largely 
determined on a first come, first served basis (Gunnar, 2012).  In such a system, diversity 
tends to be greatest in intermediate stages of colonization, a phenomenon commonly 
referred to as the intermediate-disturbance hypothesis (Connell, 1978) and is documented 
to hold true in areas of treefall disturbance (Gunnar, 2012) as well as post clear-cut 
(Schoonmaker and McKee, 1988) and post-fire (Lindholm and Vasander, 1987). It should 
be noted that such disturbances also serve to modify the amount of available light 
transmitted to the forest floor, further influencing the establishment of patch communities 
(Foster, 1988; Lawton and Putz, 1988). 
2.1.1.5 Forest Management Practices 
Forest management practices influence much of how present day forest ecosystems are 
structured, determining the form and by associations the functional roles played by forest 
organisms in the overall health of the forest.  
2.1.1.5.1 Structural Retention Harvesting 
Intent on retaining biodiversity within the forest, modern silviculture practices on 
National Forests dictate the use of structural retention harvests in which forest patches, 
sometimes referred to as aggregates, are left as intact stands during the course of 
commercial harvest (USDA 1993).  Ideally these aggregates provide refugia for forest-
dwelling organisms and in the case of biocrusts, a spore bank from which to reestablish 25 
 
communities in harvested areas (Gunnar, 2012).  The success of such harvest practices 
hinges largely on the resilience of the species involved.  In temperate forest systems in 
the Pacific Northwest, aggregates as small as 1 ha were determined, in the short term, to 
retain a high degree of moss diversity, with minimal impacts due to edge effects.  
Brophytes proved much more susceptible to harvest within aggregates with edge effects 
significantly impacting abundance and distribution of biocrusts up to 15 m inside retained 
stand; this phenomena accounted for a 50% total area impact within the aggregate 
(Nelson and Halpern, 2005).  Under the most currently established practices on National 
Forests, it is not uncommon for aggregates to be as small as 0.2 ha, insufficient by the 
standards set forth in the aforementioned study in fulfilling the goal of retaining optimal 
levels of forest biodiversity, impacting the very composition of biocrust community 
structure (Nelson and Halpern, 2005; Thomas et al., 1993). 
2.1.1.5.2 Stand Structure 
Over time, stand structure also serves to influence the biotic community composition 
within the forest (Humphrey et al., 2002; Raabe, 2010; Rambo and Muir, 2009).  Stand 
structure has been observed to be important in biocrust abundance and diversity, with 
selective harvest in mixed-age stands creating the most desirable habitat, while traditional 
shelter-wood, homogenous stands are negatively correlated with biocrust community 
presence (Marialegiti, 2009).  Stand structure also directly influences the degree to which 
light reaches the forest floor and therefore biocrust abundance and distribution (Fenton 
and Bergeron, 2009; Moora et al., 2007; Tinya et al., 2009).  The importance of light 
penetration to the forest floor is of conflicting significance in the literature.  In some 
instances, open stand structure allowing high levels of light penetration have been 
attributed to increases in bryophyte abundance and diversity, while others have cited 
environments that provide more shade as optimal for biocrust growth and abundance 
(Gignac and Dale 2005).  It is possible that the discrepancies with regard to this abiotic 
factor hinge on the influence of several other mitigating factors and are likely to be 
species-specific given the broad diversity of habitat biocrust communities inhabit (Fenton 
and Bergeron, 2009). 26 
 
2.1.1.5.3 Stand Age 
Biocrust communities exhibit compositional differences related not simply to stand 
structure, but stand age as well.  Old growth stands provide richly diverse microhabitats 
for biocrust communities (Rambo and Muir, 2009). Such stands maintain a characteristic 
litter and deadwood layer, retaining greater moisture and humidity levels than those 
found in second growth stands under current management practices (McCune and Lesica, 
1992).  Related to biocrust distribution and abundance, these old-growth characteristics 
are essential in sustaining the liverwort community given these organisms generally are 
highly drought-sensitive and tend to be obligate epixylics (Soderstrom,1988).  By 
comparison, second growth habitats exhibited a much more limited species diversity of 
liverworts (McCune and Lesica, 1992), perhaps due in part to the significant impact that 
edge effects within retained stands have on liverwort resiliency (Nelson and Halpern, 
2005). 
2.1.1.5.4 Forest Composition 
Overall forest composition is also a key determinant in terms of biocrust diversity and 
abundance.  In mixed conifer-deciduous forests, both tree types provide specialized 
habitats for bryophytes.  In predominantly conifer forest, alder presence has been 
positively correlated with increase in bryophyte presence (Berg et al., 1994), while in 
deciduous dominated forest, spruce provides preferential habitat for other specific 
biocrust species (Tinya et al., 2009), increasing the overall biodiversity of the biocrust 
community.  Forests with patches predominated by oak trees provide habitat 
heterogeneity both in terms of open stand structure (high light transmittance) and 
preferential microhabitats created by the uniquely textured oak bark which provides 
optimal habitat for epiphytic bryophytes, potential propagule sources for biocrust 
communities (Marialigeti, 2009; Bao, 2005).   
2.2 Ecological Role of Forest Soil Biocrusts 
Biocrusts are an integral part of the forest ecosystem.  Biocrusts play an active role in 
nutrient cycling and are critical in influencing the flow of nutrients within the forest 27 
 
(Baldwin and Bradfield, 2005; Turetsky, 2003).   An essential part of water cycling, 
biocrusts are able to absorb many times their weight in water and are of functional 
importance in moderating soil temperature and moisture (Olson et al., 2007; Sedia and 
Ehrenfeld, 2003; Staunch et al., 2012).  Biocrusts directly influence the structural 
composition of the forest floor, enhancing the seedling establishment of certain vascular 
plants while inhibiting the establishment of others (Prasse and Bornkamm, 2000; Zamfir, 
2003).  As indicators of ecological health, biocrusts are a valuable tool in the monitoring 
of a wide variety of substances in the environment, readily absorbing atmospheric and 
dissolved substances which allows for the assessment of nutrient loading and 
contamination in ecosystems (Saxena, 2004).   
2.2.1 Nutrient Cycling 
Biocrusts are a fundamental component of nutrient cycling in forest soils.  Soils, and their 
development, directly impact the form and function of forest ecosystems, the influences 
of which are fairly well-understood in short-term successional forests of <500 years 
(Walker and Syres, 1976; Crews et al., 1995).  In temperate environments in particular, 
soil development is relatively rapid with a progressively changing chemistry; N:P levels 
flux as phosphorus is leached from the system and nitrogen accumulates through 
biological nitrogen fixation (Walker and Moral, 2003).  Fluxes in these two limiting 
nutrients determine in large part the composition of the forest ecosystem, indicating a 
trend over long periods of time towards the development of a highly stress-tolerant 
conifer community as phosphorus in particular becomes increasingly limited (Richardson 
et al., 2004).  Active in carbon sequestration and nitrogen fixation, biocrusts improve the 
overall quality of the soil for forest flora and fauna. Instrumental in the sequestration and 
subsequent leaching of other key nutrients, biocrusts further support primary productivity 
in forest ecosystems (Matzek and Vitousek, 2003; Meyer, 1979; Turetsky, 2003). 
Biocrusts are strongly chelating (Turetsky, 2003), and their presence may also act to 
inhibit biological soil activity, limiting microbial activity through competition for 
essential minerals (Basiliko and Yavitt, 2001). 28 
 
2.2.1.1 Carbon Fixation and Sequestration 
Biocrusts are active in the transformation of carbon and nitrogen into recalcitrant organic 
matter (Turetsky, 2003).  Through the buffering of both soil moisture and temperature, 
they directly impact carbon sequestration in forested ecosystems.  In areas of bryophyte 
coverage, lower average soil temperatures are directly correlated with a slower 
decomposition rate and reduced nitrogen mineralization compared to soils experiencing 
higher temperatures (Turetsky, 2003). This results in primary carbon sequestration 
through accumulation as soil carbon and secondary carbon sequestration through 
vegetation carbon accumulations (Yanai et al., 2000; Zhuang et al., 2002).  Conversely, 
soil moisture positively influences the decomposition and nitrogen mineralization, 
resulting in primary carbon sequestration as vegetation carbon and secondary 
sequestration as soil carbon (Zhuang et al., 2002). 
2.2.1.2 Nitrogen Fixation and Sequestration 
In the early stages of soil formation, the low abundance of nitrogen is one of the chief 
factors limiting primary productivity of young soils (Vitousek and Howarth, 1991).  
Biocrust are the chief locus of N-fixation during initial pedogenesis (Matzek and 
Vitousek, 2003; Vitousek and Howarth, 1991). Specifically, the cyanobacteria 
component of biocrusts is responsible for nitrogen fixation, while other crustal 
components (bryophytes and lichen) can act to immobilize nitrogen (Hawkes, 2003). 
Through a symbiotic relationship with cyanobacteria, forest soil bryophytes fix nitrogen, 
contributing to overall soil nitrogen sequestration and preventing valuable losses due to 
leaching (DeLucia et al., 2003). While this serves to increase the overall N available to 
vascular plants and microbes, other species of the biocrust communities may also 
compete for this resource (Hawkes and Flechtner, 2002).  In instances in which the 
cyanobacteria out-compete other microbial communities, this generally results in a net 
nitrogen source.  When the C:N requirements of the surrounding community are high, a 
nitrogen sink is established.  While initially competing with vascular plants for this 
limited resource, biocrust nitrogen immobilization can provide benefit over time to the 29 
 
local plant community by preventing system losses and providing long term releases of 
nitrogen into the soil ecosystem (Hawkes, 2003). 
2.2.1.3 Phosphorus Uptake 
Biocrusts are highly efficient in removing phosphorus from aquatic environments, 
mitigating the effects of phosphorus loading in these environments (Meyer, 1979). 
Streambed bryophytes, identified as significant sinks for dissolved phosphorus, sorb 
measurable quantities from the surrounding environment (Turetsky, 2003).  A limiting 
factor of primary productivity in these systems, a marked percentage of this phosphorus 
is retained by the bryophytes, a portion of which is assimilated by the organism for use in 
metabolic processes (Meyer, 1979; Turetsky, 2003).  Phosphorus levels directly influence 
growth rates of certain bryophytes (Matzek and Vitousek, 2003; Meyer, 1979).  In 
phosphorus-rich environments, this serves to stimulate competition between biocrust 
species with those accustomed to more nutrient-rich soils more readily able to metabolize 
high levels of P than those accustomed to nutrient poor soils,  resulting in a markedly 
increased growth rate in these species (Arscott et al., 1998).   
2.2.1.4 Herbivory 
The response to herbivory of the biocrust community is mixed throughout the literature 
and variable across climates. Biocrust communities in  the arid regions in the Colorado 
shrublands are exemplars of the phenomena, with grazing of large herbivores 
significantly impacting biocrust abundance and distribution across some study areas 
(Belnap et al., 2001; Floyd et al., 2003; Johansen and Clair, 1986) with no measurable 
effect observed in others (Manier and Thompson Hobbs, 2006). In semi-arid regions of 
Australia, the presence of herbivores was determined to negatively impact biocrust 
community presence (Hodgins and Rogers, 1997).  In British grasslands, small herbivores 
had no measurable impact on biocrust (specifically bryophyte) biomass (del-Val and 
Crawley, 2005).  In Scottish pine forests, grazing by deer was positively related to the 
abundance of bryophyte-grass associations, with twice as much cover observed as in 
ungrazed areas (Baines et al., 1994).   30 
 
2.2.2 Vascular Plant Interactions 
Biocrusts are well-documented in their ability to both enhance and inhibit seedling 
establishment across climates and landscapes, influencing the biodiversity of vegetation 
of these ecosystems.   
2.2.2.1 Seedling Establishment 
Specific to wetland areas within forests, bryophytes play an integral role in seedling 
establishment, enhancing this process in wet conditions while inhibiting establishment in 
dry conditions.  In wet conditions bryophytes appear to provide an elevated, drier 
microhabitat for seedling establishment, while in drier conditions interspecific 
competition for water resources negate this effect (Staunch et al., 2012).  
The propagation of grassland species in areas of bryophyte and lichen cover further 
support the concept that in dry conditions, biocrusts can actually inhibit seedling 
emergence.  In a greenhouse study in which living and dead biocrust media were utilized 
as media for establishment, seedlings inhibited by the living biocrust showed no 
inhibition in dead biocrust media, exhibiting seeding rates similar to those on mineral soil 
(Zamfir, 2003).  This evidence suggests biocrusts are not simply acting as a physical 
barrier, but are potentially interacting with some seedling species on a biotic level as well 
(Prasse and Bornkamm, 2000; Zamfir, 2003). In pine forests however, direct exposure of 
seedlings to bryophyte tissue extract showed no adverse impact on emergence rates, 
though these rates were adversely impacted by exposure to lichen tissue extract, a lesser 
abundant component of forest soil biocrusts (Sedia and Ehrenfeld, 2003).  These 
examples show the widely varied interactions between vascular plant and biocrust 
communities and provide insight into the relative distribution and abundance of biocrust 
communities in the field. 
Biocrust morphology is yet another key factor influencing seedling establishment.  In 
Japanese conifer forests, biocrust community structure is directly linked to the successful 
establishment of certain conifer species (Nakamura, 1992).  Coupled with seed 
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establishment for certain species of vascular plants (Staunch et al., 2012).  While some 
species successfully propagate in association with tall bryophytes contacting mineral soil, 
others require short bryophytes typically found growing on dead wood for successful 
colonization (Nakamura, 1992). Biocrust morphologies are thus important variables to 
consider in field-based studies given their likely influence on forest regeneration and 
selection of early emergent plants. 
2.2.2.2 Competition 
Biocrusts distribution and abundance within a given area is driven in part through 
competition with vascular plants.  In drier forests with more open canopy and increased 
light penetration, vascular plants can successfully exploit ground water resources beyond 
the reach of drought-tolerant biocrusts, resulting in a competitive advantage (Raabe, 
2010; Tinya et al., 2009).  In contrast, dense canopy cover in more humid forests favor 
non-vascular plants, attributed largely to increased moisture and more moderate light 
levels (Humphrey et al., 2002).  
2.2.3 Water Relations 
The overall relationship between changing climates and impacts on evapotranspiration 
and forest ecosystem water cycling is not, as a whole, well understood (Bond-Lamberty 
and Gower, 2011).  Biocrusts play an integral role in evapotranspiration rates in these 
forest soil ecosystems, accounting for up to 31% in well-drained soils and 69% in poorly 
drained soils (Bond-Lamberty and Gower, 2011).  The drainage potential of a soil is 
largely tied to texture and is a major factor in determining the amount of plant available 
water, with coarse-textured soils more well-drained than fine-textured soils (Hillel, 
2004). Available water is a driving force behind the primary productivity of these 
ecosystems, essential to maintaining metabolic processes in biocrusts and nutrient cycling 
in the forest (Raabe et al., 2010).  Moisture content in biocrusts directly impact soil 
respiration, with metabolically active biocrust moisture contents measured at ranges from 
250% (air dry) to 1325% (saturated) (DeLucia et al., 2003).  Partially reliant on moisture 
from water-table depths, the ability of biocrust to uptake CO₂ is highly dependent on 32 
 
these moisture levels, equivalent to an 85% net decrease in CO₂ uptake in air dry 
biocrusts as compared with saturated crusts (DeLucia et al., 2003).  Moisture content also 
directly impacts rates of photosynthesis in biocrusts, with minimum required water 
potential as low as -100 bar compared to that required for respiration which occurs at a 
lower, undetermined level (Dilks and Proctor, 2006). 
2.2.4 Ecosystem Services 
Biocrusts provide a number of key ecosystem services benefitting overall forest health.  
Specifically related to forest soils, they provide stabilization of the soil surface, 
preventing erosion, especially in coarser, more mobile soils (Martinez and Maun, 1999; 
Thompson et al., 2006).   In temperate rainforests, bryophytes actively participate in CO₂ 
exchanges, on average reclaiming 10% of the CO₂ respired at the forest floor level 
(Turnbull et al., 2005).  Bryophytes are key in maintaining soil moisture, absorbing 
nearly 1400 times their dry weight in water content at full tissue saturation (DeLucia et 
al., 2003).   
The relatively simple anatomy of bryophytes makes them highly suitable as bioindicators, 
their single-cell thickness and lack of cuticle optimizing the ability to interface with 
substrate and atmospheric substances (Saxena, 2004).  Their non-vascular physiology 
readily sequesters and reacts to dissolved and atmospheric compounds, providing data on 
accumulations and exposures of specific chemical compounds within localized 
environments (Turetsky, 2003).  The “European Heavy Metals in Mosses Survey” 
utilizes the inherent ability of bryophytes to sequester nutrients and heavy metals to track 
changing environmental levels of specific metals (Schroeder and Pesch, 2007).  In 
Germany, over 40 heavy metals and nitrogen accumulations have been monitored and 
recorded as a function of bioaccumulation in forest floor bryophytes serving as key 
bioindicators in establishing long-term trends related to these accumulations (Schroeder 
and Pesch, 2007).  Readily able to sorb a wide variety of dissolved substances, biocrusts 
(bryophytes in particular) are becoming increasingly common tools in the bioremediation 
of contaminated sites (Saxena, 2004). 33 
 
2.2.5 Influence of Climate Change 
As previously discussed, biological soil crusts represent a diverse group of organisms 
capable of colonizing a wide range of environments.  Climate models indicate 
progressively changing levels of UV-B radiation exposure, precipitation and temperature, 
the impact of which has yet to be fully understood in relation to soil biocrusts (Boelen et 
al., 2006; Zelikova et al., 2012).  Only recently has the influence of regional 
macroclimates on localized variables such as microclimate, soil attributes and dead wood 
availability been modeled, providing land managers and ecologists important information 
on the potential impact of these changing variables on biocrust abundance and 
distribution (Raabe, 2010; Raabe et al., 2010).  Extrapolating what is currently known in 
terms of climate requirements for these organisms, predictive models and emerging 
experimental data aim to anticipate future impacts of climate change on the biocrust 
community (Raabe et al., 2010; Reger et al., 2011).   
2.2.5.1 Microclimate 
Strongly influenced by local climates, microclimates influence biocrust exposure to 
changing environmental factors.  Highly diverse as a group globally, at the much finer 
scale of the microclimate biocrusts are highly specialized in their habitat requirements, 
uniquely adapted to specific light, substrate and moisture requirements (Büdel and Veste, 
2008).  Simplified in terms of macrobiotic soil crust, this equates to moist climates 
favoring bryophyte dominated communities, while lichen predominate in more arid 
environments.  With the potential to buffer against climate change effects on a regional 
scale through management of microclimate variables, future land management practices 
may be instrumental in determining the full impact of climate change (Raabe, 2010; 
Rambo, 2001).  
2.2.5.2 UV-B Exposure 
UV-B tolerances vary greatly across organisms in the biocrust community with high 
levels generally favored by lichen, intermediate by bryophytes and microfungi best suited 
to low or no exposure  (Bao, 2005; Boelen et al., 2006; Li et al., 2005; Turetsky, 2003). 34 
 
Studies examining the impacts of increased UV-B radiation (resulting from depleting 
ozone) on bryophytes have indicated they are well-adapted to ambient UV-B radiation 
(Boelen et al., 2006).  While high levels of UV-B radiation cause measurable DNA 
damage, such damage appears reversible in the absence of elevated UV-B levels (Boelen 
et al., 2006).  The effects of prolonged exposure to elevated levels of UV-B have not yet 
been determined.   It is theorized that given the trend of increasing global radiation since 
the 1980’s (Wild et al., 2005), the impact may well be species specific (Boelen et al., 
2006).  For dead wood dependent biocrusts tolerant of a mean minimum of radiation, it is 
predicted that a progressive increase in radiation will decrease biocrust abundance (Raabe 
et al., 2010).  
2.2.5.3 Precipitation 
Available moisture is a key variable in determining biocrust community composition.  In 
contrast to vascular plants that are able to self-regulate water content, in poikilohydric 
plants such as bryophytes moisture levels consistently seek equilibrium with the ambient 
humidity of the forest (Green and Lange, 1994).  Correspondingly, a change in climate 
precipitation alters soil and atmospheric moisture content (Delworth and Manabe, 1989), 
influencing physiological functioning of biocrust and in turn determining their 
abundance, distribution and community composition (Dynesius et al., 2009; Fenton and 
Bergeron, 2009; Ponzetti and McCune, 2001). 
2.2.5.4 Arid and Semi-Arid Climates 
Arid and semi-arid biocrusts are well-adapted to water stresses, with lichen the 
predominate macrobiotic crust in these areas (Hodgins and Rogers, 1997; Ponzetti and 
McCune, 2001; W. Thompson et al., 2006).  Despite their hardy nature, these organisms 
are at risk as desertification becomes increasingly common on both a global and regional 
scale (Escolar et al., 2012).  Largely attributed to land management practices, 
desertification in these areas has only recently been studied in terms of biocrust 
restoration (Bowker et al., 2006).  Under such climate conditions, the key limiting factors 
to biocrust growth are moisture and soil chemistry (Zelikova et al., 2012).  Microclimates 35 
 
along sandy soils are found to strongly influence biocrust presence, with coverage 
positively associated with high moisture content (Fenton and Bergeron, 2009).  
Furthermore, within microclimates aspect is a strong driver of community composition in 
arid environments, with western and southern exposures having the lowest biocrust 
cover, while northeastern and northwestern aspects both experience relatively high 
biocrust coverage dominated by lichen and bryophytes respectively (Bowker et al., 2006).  
2.2.5.5 Temperate Climates 
Temperate forest soils typically have a much higher nutrient content than those in arid 
regions; therefore nutrient availability is not generally a limiting factor in terms of 
biocrust presence in these regions (Jonsson and Esseen, 1990; Sedia and Ehrenfeld, 
2003).  In parallel with biocrusts in drier regions, a dominant driver in terms of forest soil 
biocrust presence and diversity is substrate moisture content (Botting and DeLong, 2009; 
Rambo, 1997; Rambo, 2001). Forest soil biocrusts inhabiting mineral soil surfaces are 
chiefly influenced by microclimates created by soil moisture content.  Alternatively, 
biocrusts inhabiting dead wood substrates respond most significantly to changes in 
macroclimate (Raabe, 2010).  At the landscape scale, biocrust community composition in 
areas of increasing precipitation is anticipated to trend in favor of bryophyte domination, 
whereas decreasing precipitation across landscapes is predicted to shift biocrust 
composition to a lichen-dominated community (Bates and Farmer, 1992). Across 
climates, areas with increasingly limited precipitation are likely to experience a shift in 
community composition from bryophyte- to- lichen dominated biocrusts (Thompson et 
al., 2006), a shift noted to occur over a relatively short period of time under prolonged 
drought conditions in xeric environments (Sedia and Ehrenfeld, 2003). 
2.2.6 Temperature 
Fluctuations in temperature also have the potential to impact biocrust distribution, 
abundance and community composition (Bergamini et al., 2009; Escolar et al., 2012; 
Zelikova et al., 2012).  As previously discussed, community composition of biocrusts is 
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temperatures will become more extreme in many regions (IPCC 2007), a change 
anticipated to impact biocrust community structure as temperature dependent species 
respond to these changes (Raabe, 2010).  Preliminary studies relating species richness to 
temperature provide validity to this theory, with a strong relationship between increasing 
species abundance of biocrusts and decreasing temperatures (Raabe, 2010, Bassler et al., 
2010). 
2.2.6.1 Arid Climates 
The impact of warming in the arid and semi-arid regions on biocrust abundance and 
distribution has only recently become a focus of study, with no clear trend yet established 
(Escolar et al., 2012; Zelikova et al., 2012).  Semi-arid ecosystems in central Spain were 
found to respond significantly to climate warming, with overall lichen-dominated 
biocrust cover showing nearly a 50% decline over a 2.4°C experimental increase in 
temperature (Escolar et al., 2012).  Following the trend of temperature responsiveness are 
the biocrusts of the xeric pine forests of the eastern United States. Subject to successive 
years of atypically hot and dry summers, biocrust community composition has shifted 
from a bryophyte to lichen dominated landscape (Sedia and Ehrenfeld, 2003).  In 
contrast, experimental trials examining impacts of warming in the southwestern US 
showed no significant change in lichen-dominated biocrust total cover or composition 
over an increase of 2°C (Zelikova et al., 2012).   
2.2.6.2 Altitude 
Temperature increases have been attributed to the expansion of plant habitats upward in 
some mountainous regions (Bergamini et al., 2009).   Key pioneer species, biocrusts are 
opportunistically adapted to and able to colonize a wide range of habitats when specific 
environmental conditions are met; the expansion of their range is one prime indicator of 
climate change in certain regions (Bergamini et al., 2009; Frahm and Klaus, 2001).  
Temperature changes across a range of altitudes are projected to impact biocrust 
abundance and distribution.  In Alpine landscapes, warming trends have been positively 
associated with lichen abundance in higher elevations (Jägerbrand et al., 2009).  37 
 
Warming in lower altitudes has been shown to alter macroclimate conditions in these 
areas (Bergamini et al., 2009).  The immediate impact to the biocrust community and 
bryophytes in particular is expected to be delayed (Van der Wal et al., 2005), though 
there exists some evidence to the contrary (Raabe et al., 2010).  This theory is based in 
part on preliminary indications in mountainous regions of Scotland (Van der Wal et al., 
2005).  The resultant delay is largely attributed to the fact that biocrust diversity and 
abundance is driven chiefly by microclimates within the forest and less immediately 
influenced by changes in macroclimate (Sveinbjörnsson and Oechel, 1992).   
2.2.6.3 Biological Soil Activity 
Changing temperatures directly influence the biological activity of a soil, altering nutrient 
availability and water content. Increasingly nutrient-rich soils resulting from temperature-
driven biologically active soils in these regions are likely to facilitate accelerated vascular 
plant growth (Van der Wal et al., 2005), adversely impacting biocrust communities 
(Bergamini et al., 2009).  While generally not in competition with plants for nutrients, a 
significant increase in understory canopy cover has the potential to be light-limiting to 
biocrust communities (Bergamini et al., 2009; Kull et al., 1995) leading to localized 
extinctions and a decrease in biocrust species richness (Bergamini et al., 2009; van der 
Wal et al., 2005).  Simulated climate changes manipulating nutrient availability in sub-
arctic regions resulted in a marked decrease in bryophyte and lichen abundance, with 
bryophytes also negatively impacted by increasing temperatures, a condition favored 
instead by lichen (Jägerbrand et al., 2009).   
2.3 The Future of Biological Soil Crusts in Forest Ecosystems 
2.3.1 Land Management Practices 
Land management practices play a pivotal role in the ecological health of an area. Across 
climates, soil stability, fertility and overall ecosystem biodiversity is significantly 
impacted by land use and management.  Of increasing interest in the ecological 
community is the mitigation and restoration of biodiversity through modified land 
management practices (Bowker et al., 2006).  Diversely adapted to their respective 38 
 
environments, biocrust communities vary greatly in terms of their tolerances to changing 
climates; as such, land management practices aimed at the preservation and restoration of 
these important soil organisms require an equally diverse approach. 
2.3.2 Arid and Semi-Arid Climates 
In arid and semi-arid environments, understanding the specific drivers of biocrust 
presence and diversity is an emergent field of study as, by association, are land 
management recommendations.  Despite the hardiness associated with biocrusts of the 
arid and semi-arid regions, they are highly susceptible to disturbance and not especially 
resilient in post-disturbance recovery (requiring many decades to reestablish) 
(Newmaster, 2003; Ponzetti and McCune, 2001; Williston, 1999).  As a result, many 
public lands deemed critical biocrust habitat now operate under land use restrictions in 
order to minimize disturbance (Belnap et al., 2001).  As previously discussed, biocrusts 
in these regions are essential to soil fertility, stabilization and plant establishment and so 
their preservation in these areas is an increasingly high priority.  Desertification is one of 
the consequences in areas of biocrust disturbance (Bowker et al., 2006; Hawkes and 
Flechtner, 2002).  Restoration research aimed at mitigating and reversing these effects 
has determined that soil moisture and micronutrient content are key drivers in the 
successful, accelerated reestablishment of these organisms (Bowker et al., 2006).  Land 
management practices aimed at increasing the ability of a soil to retain moisture as well 
as amendment of nutrient-poor soils with micronutrients are primary recommendations in 
the mitigation of desertification and preservation of biocrusts in these areas (Bowker et 
al., 2006; Prasse and Bornkamm, 2000). 
2.3.3 Temperate Climates 
Largely dominated by bryophytes, managing temperate forests for the preservation and 
biodiversity of biocrust requires an evaluation of practices historically aimed at 
optimizing forest product yields (Peck, 2006; Rambo, 2001).  39 
 
2.3.3.1 Habitat Heterogeneity  
Key to fulfilling ecosystem health directives focused on the management practices of our 
national forests is an understanding of the importance of habitat heterogeneity in terms of 
implications for biocrust abundance and diversity (Rambo, 2001). Stand management 
directly impacts biocrust abundance and distribution, with current and historical forestry 
practices implicated in the decline of biocrust diversity (Peck, 2006).  Habitat 
heterogeneity is largely achieved in managed forests through the retention of old-growth 
characteristics in order to preserve some variation in potential biocrust substrate; 
important to forest soil biocrusts are  mineral soil, dead wood and rock substrates 
(Hylander et al., 2005; Raabe et al., 2010; Rambo and Muir, 1998; Staunch et al., 2012).   
Obligate epixylics, many biocrust species require the retention of dead wood in various 
stages to ensure their continued presence in the forest community (Dynesius et al., 2009; 
Peck and Frelich, 2008; Ryömä and Laaka-Lindberg, 2005) . Retained slash increases 
favorable microclimates for biocrusts and supports a more rapid rate recolonization post-
disturbance than areas with no retention (Jonsson and Esseen, 1990; Kayes, 2008).  Lack 
of biocrust abundance in clear-cut areas is directly associated with removal of slash from 
managed sites, whereas retention of slash has been positively correlated with biocrust 
abundance and distribution.  From a forest management perspective, coarse woody debris 
is critical to maintaining biocrust community structure (Botting and DeLong, 2009).   
2.3.3.2 Epiphytic Communities   
Biocrust communities inhabiting the canopy (epiphytes), though not a focal point of this 
thesis, also play a critically important role in the future of forest soil biocrusts.  The 
retention of a diverse epiphytic community in the canopy can be essential to the 
propagation of forest floor biocrusts, especially after large-scale disturbance. Arboreal 
Histosols found in old growth communities also serve as potential habitat for the 
epiphytic community, providing optimal levels of moisture and nutrients (Enloe et al., 
2006).  An evaluation of the commercial harvest of epiphytic bryophytes indicate that the 
diversity of species harvested is much greater than previously thought (Peck and Muir, 40 
 
2001; Peck and Muir, 2006), potentially impacting future terrestrial biocrust diversity 
given the key role of epiphytic communities in establishing terrestrial colonization (Peck 
and Frelich, 2008).  Given the nature of this relationship, the retention of this portion of 
the spore bank (especially hardwood associated epiphytes) is of key importance in 
managed forests, central to the argument that reformed management practices that 
support habitat heterogeneity sustain species diversity in forest ecosystems (Peck, 2006; 
Rambo, 2001).  
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Chapter 3: Forest Soil Biocrusts of the Temperate Forests of Southern 
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3.1 Introduction  
In recent years, biological soil crusts of the arid and semi-arid environments have become 
increasingly recognized for their ecological importance in protecting and nourishing soils 
and aiding in the establishment of the plant community (Belnap et al., 2001; Ponzetti and 
McCune, 2001).  In these dry shrub-steppe/desert environments, established communities 
are estimated to take decades to centuries to form.  Highly susceptible to disturbance 
(Floyd et al., 2003), more recent studies have focused on the restoration potential of these 
areas (Turnbul et al., 2012), as well as the potential impact of future climate change on 
this community (Zelikova et al., 2012).   
Though compositionally distinct in terms of community structure, this study proposes 
that biocrusts (as defined by conventional literature), extend far beyond the previously 
defined bounds of the desert and shrub-steppe environments into the forested ecosystems.  
As of the date of writing of this study, biocrusts in temperate forest ecosystems have not 
been formally recognized in the published literature as a distinct community, though their 
component groups have been studied independently across a number of disciplines.  The 
goal of this study is to determine how and if our understanding of desert and shrub-steppe 
biocrusts relates to forest biocrusts. 
This study examined the effects of climate variables and substrate characteristics on the 
abundance, distribution and overall cover of forest soil biocrust at fifty-two sites in 
southern Oregon, U.S.A.  Sites were randomly selected within established buffer zones 
(as described in section 3.3) in the Siuslaw, Rogue-Sisikyou, Umpqua, and Fremont-
Winema National Forests.  Using previously established morphological groups (Belnap et 
al., 2001) as the basis for identification, data collected will examine the relationships 
between the abundance, distribution and overall cover of biocrust morphological groups 
across climates as influenced by precipitation, litter layer, aspect, elevation, soil texture, 
soil pH and substrate.  In addition to the aforementioned goals, this study is meant, in 43 
 
part, to provide a preliminary comparison of factors potentially influencing forest soil 
biocrusts in an attempt to provide recommendations for future areas of study. 
3.2 Study Area 
The study was conducted along a broad transect that included the Siuslaw, Rogue-
Sisikyou, Umpqua, and Fremont-Winema National Forests in Southern Oregon, USA 
(Figure 2).  The sample sites were oriented along an east-west transect from longitude -
124.40 to -120.82, bounded north and south by latitudes 44.40 and 42.19 respectively.  
The elevation ranged between 39 and 6096 feet, with all aspects represented.  Sites 
randomly represented a range of stand ages, from recently harvested through old-growth 
forests.  A total of 200 initial sites were drawn through the randomization function of 
ArcGIS inside previously established road buffers of +/- 500 feet.  Of these sites, 52 were 
selected and sampled based upon accessibility. 
 
 
Figure 2: Map of precipitation gradient across southern Oregon based on PRISM data (blue = humid, red = 
arid). Omernik Ecoregions Level III (source = US EPA) within Oregon are outlined in white. 44 
 
. 
3.3 Methods  
Field work was conducted using the Garmin GPSMAP 76CSx global positioning system 
(GPS).  The GPS was utilized to determine an area of 200-ft by 200-ft, with the principal 
marker designated by coordinates generated by ArcGIS (or as close as practical given 
terrain and accessibility constraints).  Flags were placed at the corners of the site with 5-ft 
intervals marked along the perimeter.  The area was then traversed in a serpentine manner 
in 5-ft intervals as marked by flags.   
 
At each location the following site specifications were recorded: latitude, longitude, 
aspect and elevation.  Within each transect, the following data were recorded:  depth of 
litter layer, type of colonized substrate (rock, mineral soil and dead wood), biocrust 
morphological group (adapted from Belnap et al., 2001), overall biocrust morphology 
(adapted from Belnap et al., 2001), predominant vegetation, total percent biocrust cover, 
and unique site attributes (Figure 3).  Representative photographs were taken of biocrusts 
for illustrative purposes at each site.  30-year average annual precipitation as well as 
minimum and maximum annual temperatures for this period for each transect were 
determined from the PRISM climate model developed at Oregon State University. 
 
 
Figure 3:  Biological soil crust description data sheet (see also Appendix B). 
 
BIOLOGICAL SOIL CRUST (BIOCRUST) DESCRIPTION Oregon State University
GPS Coordinates Elevation (ft) Aspect  Slope (%) Depth of Litter Layer (cm) Sample Number
Location of Biocrust  (rock (R), mineral soil (M), woody debris (W)) Date              Site Vegetation Description
Biocrust Morphological Group at Location (see key)  Biocrust Morphology (flat, rolling, etc.)
R: R:
M: M:
W: W:
Biocrust % Coverage (est.) Dominant Soil Textural Class Miscellaneous Comments
R:
M:
W:45 
 
Soil samples were taken from each site (6 per site) from beneath biocrusts as allowed to a 
maximum depth of 10 cm and bulked in the field for later analysis.  Representative 
samples of morphological biocrust groups found at each site were also retrieved and 
stored.  Soil texture was estimated in the field through hand texturing. Soil pH was 
determined for the bulked, field moist samples upon return to the laboratory, using a glass 
electrode pH meter on a suspension of soil and 0.01 M CaCl₂.  Samples were also 
prepped for analysis of organic matter content as per the following methods established 
by J.S. Noller of Oregon State University.  2.500 grams of air dried soil (Sa) were heated 
at 105°C for 6 hours after which the dry weight was recorded (So) and moisture factor 
determined using the following equation: 
        	        
  
  
 
 
Percent loss-on-ignition LOI was then determined by heating samples at 400°C for 16 
hours, obtaining the furnace dry sample weight (Sf) and calculating percent LOI using the 
following equation:  
 
       
  
               	        
 
Where So is the oven dry sample weight, Sa is the air dry sample weight and Sf is the 
furnace dry sample weight.  
  
3.4 Results 
3.4.1 Site Descriptions 
A total of 52 sites were examined and recorded.  Site data is summarized in tabular form 
in Appendix C.  Photographs of select sites are found in Appendix D. 
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3.4.2 Litter layer 
The depth of litter layer was found to have a measurable effect on the availability of 
substrate type for biocrust colonization (Figure 4).  Increasing depth of the litter layer was 
positively correlated to biocrust colonization of dead wood substrates (Figure 6), 
negatively correlated to biocrust colonization of mineral soil substrates (Figure 5) and did 
not significantly impact the availability of rock substrate (Figure 7) for colonization. 
 
Figure 4: Old-growth and deep litter layer (left), adjacent maturing stand with relatively high biocrust cover 
(right). 
  
Many of the sites surveyed had a measurable litter layer, with several sites containing 
areas exceeding 3 inches in depth immediately surrounding tree bases.  Litter depths were 
the greatest in relatively temperate regions with abundant understory and overstory cover.  
In semi-arid, high elevation environments, litter accumulations, when present, were often 
compressed into physical crusts resulting from prolonged snow cover, further limiting 
biocrust presence (Figure 8).   
 47 
 
 
Figure 5: Percent of total biocrust cover and litter layer depth on mineral soil substrate. 
 
 
Figure 6:  Percent of total biocrust cover and litter layer depth on wood substrate. 
 
 
Figure 7: Percent of total biocrust cover and litter layer depth on rock substrate. 
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Figure 8:  Deep litter layer limits biocrust substrate availability. 
 
3.4.3 Precipitation 
Biocrust abundance and distribution showed a generalized trend positively correlated 
with increasing precipitation (Figure 12).   In areas of low precipitation (less than 20 
inches annually), average overall coverage was 5%.   Sites receiving annual precipitation 
of 20-40 inches had average overall biocrust coverage of 22%, while sites with annual 
precipitation exceeding 40 inches were found to have average overall biocrust coverage 
of 45%. 
Sites exposed to high levels of precipitation generally exhibited a correspondingly high 
abundance of bryophyte-dominated biocrusts with a diverse distribution across available 
substrates (rock, mineral soil and dead wood) on the forest floor.  The exceptions to this 
were 1) sites in which litter layer burial excluded mineral soil as a potential substrate 
(Figure 8) and 2) sites subject to recent harvest and burn, in which localized burn severity 
dictated biocrust abundance and distribution across substrate types (Figure 1). 
Increases in precipitation were positively correlated with biocrust colonization of dead 
wood substrates (Figure 10), negatively correlated with colonization of rock substrates 
(Figure 11), and had no significant influence on colonization of mineral soil substrates 
(Figure 9). 49 
 
 
 
Figure 9: Mineral soil biocrust morphological groups relative to average annual precipitation. 
 
 
Figure 10: Dead wood biocrust morphological groups relative to average annual precipitation. 
 
 
Figure 11: Rock surface biocrust morphological groups relative to average annual precipitation. 
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Figure 12: Total biocrust cover relative to average annual precipitation. 
 
3.4.4 Aspect 
In general, with the exception of the west aspect which achieved the lowest average total 
cover of 11% (Table 1), aspect failed to demonstrate the anticipated influence on biocrust 
abundance and distribution (Figure 13).  The varied response of biocrusts to aspect in this 
study is believed to be influenced by 1) small sample size and 2) the prevailing effects of 
precipitation and elevation on microclimate conditions. 
Sites sampled represented N, NE, E, SE, S, SW, W and NW aspects.  The maximum 
mean biocrust cover was found on the NW aspect, accounting for 4% of the total sites 
with a mean biocrust cover of 52%.  The minimum mean biocrusts cover was found on 
the W aspect, accounting for 13% of the total sites with a mean biocrust cover of 11%.  
Two sites had no determinable aspect, accounting for 4% of the total sites with a mean 
biocrust cover of 45%. The NE aspect achieved a lower mean biocrust cover than 
expected, accounting for 12% of the total sites and a mean biocrusts cover of 24%. 
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Table 1: Aspect and mean biocrust cover relative to sample size distribution. 
Aspect  Mean Biocrust Cover (%)  Percent of Total Sites 
N  48  4 
NE  24 12 
E  38  12 
SE  31 4 
S  31  10 
SW  30 23 
W  11  13 
NW  52 19 
None  45  4 
 
 
Figure 13: Aspect and mean biocrust cover relative to sample size distribution. 
 
3.4.5 Elevation 
Increasing elevation showed a trend negatively correlated with overall biocrust coverage 
(Figure 14), though many elevations exhibited wide variation in total biocrust coverage.  
This is predominantly attributed to longitudinal shifts across the transect which result in 
precipitation bands from west to east.  In general terms, elevations under 3000 feet had a 
higher average total biocrust cover (54%) than did sites at elevations over 3000 feet 
(22%) (Figure 14).   
0
10
20
30
40
50
60
N
NE
E
SE
S
SW
W
NW
Mean Biocrust Cover (%)
Percent of Total Sites52 
 
 
Figure 14: Percent total biocrust cover relative to elevation. 
 
3.4.6 Soil Texture 
Soil textural class was estimated for each site using the hand texture method (adapted 
from Thein, 1979).  The textural classes represented across the transect were clay loam, 
silty clay loam, loam, silt loam, sandy loam and sand.  Soil textural class did not appear 
to influence overall biocrust cover (Figure 15). 
The sites comprised of clay loam texture accounted for 12% of sites sampled and 
exhibited an overall biocrust cover ranging from 5-80%.  Sites comprised of silty clay 
loam accounted for 6% of sites sampled and exhibited a range of overall biocrust cover 
from 1-80%.  Sites comprised of loam accounted for 25% of sites sampled and ranged in 
overall biocrust cover from 1-85%.  Sites comprised of silt loam accounted for 18% of 
sites sampled and ranged in overall biocrust cover from 5-70%.  Sites comprised of sandy 
loam accounted for 35% of sites sampled and exhibited a range of overall biocrust cover 
from 1-90%.  Sites comprised of sand accounted for 6% of the sites sampled and 
exhibited a range of overall biocrust cover from 5-90%. 
Based upon this data, biocrusts did not preferentially colonize one soil texture over 
another, contrary to findings in some of the literature.  Accounting for this lack of 
correlation are thought to be 1) the expansiveness of transect, 2) the variation in climate 
across transect, 3) the variation in vegetative cover across the transect, 4) the resultant 
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influence of litter and dead wood in limiting the availability of mineral soil for 
colonization, and 5) species-specific adaptations to different substrates.  
 
Figure 15: Percent total biocrust cover related to soil textural class. 
 
3.4.7 Soil Organic Matter 
Overall biocrust cover was positively correlated with increasing percent soil organic 
matter (SOM) (Figure 16).  Soil organic matter ranged from 3% to 26% across sites.  In 
order to simplify data analysis, the following SOM classes were created: Class 1 (0-5% 
SOM), class 2 (5-10% SOM), class 3 (10-15% SOM), class 4 (15-20% SOM) and class 5 
(20-25% SOM). Class 1 soils exhibited the lowest mean biocrust cover at 22%. Classes 2, 
3 and 4 soils had mean biocrust cover of 27%, 33% and 39% respectively.  Class 5 soils 
had the highest mean biocrust cover at 53% (Table 2). SOM content was also found to 
increase with precipitation (Figure 17). 
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Table 2: SOM class related to mean biocrust cover. 
Soil Organic 
Matter (SOM) 
SOM Class  Mean Biocrust Cover (%) 
0%  0  ND 
>0-5%  1 22 
>5-10%  2  27 
>10-15%  3 33 
>15-20%  4  39 
>20-25%  5 53 
>25%  6  ND 
 
 
Figure 16: Percent total biocrust cover related to soil organic matter (SOM) class. 
 
 
Figure 17: Annual precipitation related to soil organic matter (SOM) class. 
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3.4.8 Soil pH 
As expected, soil pH was, on average, highest in arid regions and lowest in humid 
environments (Figure 18). 
 
 
Figure 18: Soil pH related to average annual precipitation. 
 
Soil pH across sites ranged from 4.39 to 6.54 (Figure 19).  Increasing pH was negatively 
correlated with biocrust cover. Sites with soils ranging in pH from 4.39 to 4.97 were 
correlated with a 46% mean biocrust cover.  Sites with soils ranging in pH from 5.14 to 
5.98 had a mean biocrust cover of 40%.  Sites with soils ranging in pH from 6.02 to 6.54 
had a mean biocrust cover of 12%.  
 
 
Figure 19: Percent total biocrust cover related to soil pH. 
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3.4.9 Substrate Colonization 
The proportion of colonized biocrust substrates was found to vary from west to east.  
Variability in climate, litter layer depth (and related substrate availability), and stand 
structure between sites are thought to be the predominate influence in determining the 
nature of this relationship.  The relative proportion sites and percent of total biocrust 
colonized on each substrate are shown in Figure 20. 
 
 
Figure 20: Forest soil biocrust substrate preference by relative proportion (%) with number of sites 
represented as (n). 
 
3.4.10 Biocrust Morphological Groups Presence Related to Substrate Type 
Biocrust morphological groups (SM, TM, CL, LI, FL and AL) as described in chapter 1 
(Appendix A) showed a varied response to substrate colonization across precipitation 
gradients.   57 
 
3.4.10.1 Mineral Soil 
Of the sites with colonized mineral soil, SM was found at 21% of the sites, TM at 60 % 
of the sites, FL at 7% of the sites, LI at 12% of the sites and AL at 7% of the sites.  CL 
was not observed on mineral soil substrates across these sites (Figure 9). 
 
3.4.10.2 Dead Wood 
Of the sites with colonized dead wood substrate, SM was found at 87% of the sites, TM 
at 42% of the sites, CL at 23% of the sites and LI at 13% of the sites.  FL and AL were 
not observed on dead wood substrates across these sites (Figure 10). 
 
3.4.10.3 Rock Surfaces 
Of the sites with colonized rock surfaces, SM was found at 33% of the sites, TM at 7% of 
the sites, CL at 85% of the sites, and FL at 7% of the sites.  LI was not observed on rock 
surfaces on substrates across these sites (Figure 11). 
3.5 Discussion 
The following will provide a discussion of the findings of this study.  In particular I will 
examine the general relationship of forest soil biocrusts to each variable, relating 
observed interactions with other variables as appropriate. 
3.5.1 Depth of Litter Layer 
Depth of the litter layer influenced substrate availability to biocrusts.  Increasing litter 
depth was negatively correlated to the proportion of mineral soil substrate availability 
(Figure 8); deep litter layers tended to bury mineral soil, making it unavailable for biocrust 
colonization.  Litter layer depth was positively correlated to the proportion of dead wood 
biocrust present.  This relationship is attributed to the exclusion of mineral soil as a 
potential substrate and the increase in litter depth and dead wood availability as stands 
age.  Buried biocrusts were not observed under the litter layer, a factor largely attributed 
to the relatively high rate of decomposition experienced in the more humid regions in 
which deep litter layers were found.   58 
 
 
Forest stand development was observed to be positively correlated with increases in litter 
depth, attributed largely to increases in vegetative productivity as a stand matures.  The 
proportion of dead wood available as potential substrate for biocrust also appeared to be 
related to stand age.  All things equal, stands of different ages under the same 
management regime correspondingly contain dead wood components that age with the 
stand (notably maturing stands would also experience additions of dead wood from the 
canopy and treefall).  Decay stages influence the proportion of biocrust colonized 
substrates, with fresh dead wood experiencing a relatively low rate of colonization as 
compared with dead wood in more advanced stages of decay.  
 
Depth of the litter layer did not appear to influence the availability of rock substrates for 
colonization because significant accumulations of litter did not amass on these surfaces.  
The relatively slow rate of weathering of rock as contrasted with dead wood indicates that 
factors related to stand age are not a significant influence in terms of availability of rock 
substrates for colonization.  Because biocrusts are the primary pioneer organism in the 
biological weathering of rock, factors limiting rock-surface colonization are more likely 
related to the availability of colonizers and the chemistry of the rock surface.  
 
While correlations were found between litter depth and the availability of mineral soil, 
dead wood and rock surfaces for colonization by biocrusts, further studies controlling for 
litter depth, stand age, structure and management practices over time would likely 
provide more definitive information about the evolution of substrate availability as 
related to litter layer. 
 
3.5.2 Precipitation 
Across the ecoregions (Omernik Level III) represented in the study, precipitation 
gradients directly influence the abundance and distribution of biocrusts.  Increases in 
precipitation across the transect from east to west were positively correlated to increases 59 
 
in total biocrust cover.  The precipitation gradient also influenced the compositional 
structure of the biocrust community; Sites subject to low levels of precipitation generally 
exhibited a more limited abundance and distribution of biocrusts than humid sites, with 
an increasing presence of lichen-dominated crusts on rock and dead wood surfaces.  In 
contrast, bryophyte-dominated biocrusts were found to increase with increases in 
precipitation and observed to appear most frequently in protected areas (shade of dead 
wood and surrounding bases of trees and/or select vascular plants) and along established 
drainages in treeless areas in semi-arid regions.  Temperate forests exhibited further 
bryophyte-domination, with biocrusts forming on all three substrates when suitable 
conditions (surface availability of substrates and decay state of dead wood) were met. 
 
Precipitation also appeared to influence type of substrate colonized (Figures 9, 10 and 
11)).  A positive correlation was found between increasing precipitation and the 
colonization of dead wood.  Consistent across the transect was the appearance of the SM 
morphological group on this substrate.  This relationship is believed to be attributed, in 
part, to the relative differences between semi-arid and temperate climates in 
decomposition rates and fire cycles.  The slower decomposition rates of arid 
environments (restricted chiefly by precipitation and related variables), is likely to limit 
the suitability of dead wood substrate across the biocrust community.  In terms of 
influence of fire, the elapsed time between fire cycles is considerably greater in temperate 
forests than in semi-arid forests, a factor also likely to contribute to the relative 
abundance of suitable dead wood habitat based upon evidence presented in the existing 
literature (Kayes, 2008; Ryoma et al, 2005).  A comparison between vegetative 
productivity in temperate and semi-arid forests in supplying dead wood substrate was not 
considered, in large part due to overstory disease factors in semi-arid regions. 
Increasing precipitation was negatively correlated with the colonization of rock 
substrates.  Opportunistically colonized across climate gradients, rock substrates may be 
obscured by shear biomass of ground cover in temperate forests and may have, in some 
instances, been overlooked or buried in a deep liter layer, accounting for this trend.  60 
 
Consistent across the transect was the appearance of the CL morphological group on this 
substrate.  Mineralogy of the rock substrate may also be a contributing factor in some 
cases, but this is thought to be the exception rather than the rule given the diversity of the 
geologies across sites. 
The proportion of biocrusts colonizing mineral soil did not appear to change across 
precipitation gradients, though as previously discussed litter depth was a primarily 
influential factor in determining the availability of mineral soil for colonization.  
Consistent across the transect was the appearance of the TM morphological group on this 
substrate.  Exposed mineral soil was consistently colonized by biocrusts, though variable 
in relative proportion to other substrates across sites.  Other factors potentially 
influencing biocrust colonization of mineral soil will be discussed in subsequent sections. 
3.5.3 Aspect  
Aspect failed to fully demonstrate the anticipated distribution in relation to overall 
biocrust cover that might be expected.  That said, the studies that provided relationships 
between biocrust cover and aspect are largely subject to continental weather trends, 
whereas many sites in this study are predominantly influenced by coastal weather trends, 
a legitimate factor that may account for variation observed in this study.  Extrapolating 
from existing literature in arid regions (Bowker et al., 2006) , biocrust cover was 
expected to be highest on NW, N, NE and E aspects and lowest on W, SW, S and SE 
aspects (Figure 13).  While this held true for NW, N and E aspects, the NE aspect 
exhibited lower mean cover than SE, S, SW and W aspects, contrary to the anticipated 
trend.  Mean biocrust cover was consistent across SE, S, and SW aspects anticipated to 
achieve a relatively low biocrust cover, with the lowest mean cover observed on W 
aspects.  Variable sample sizes across aspects are most likely to account for anomalous 
data, with some aspects represented by a relatively small number of sites.  As with other 
factors impacting biocrust abundance and distribution across sites, a more localized study 
is likely to remove variability experienced across the expansive and highly variable 
transect of this study.   61 
 
3.5.4 Elevation  
Elevation has a generalized influence on biocrust abundance and distribution, with 
increases in overall biocrust cover negatively correlated to increase in elevation.  These 
findings are consistent with existing literature that indicates compositional shifts in 
biocrust abundance and distribution across elevations (Bergamini et al., 2009; Belnap et 
al., 2001).  This generalized trend does not address variation in mean biocrust cover 
noted within more specific elevation ranges across the transect, though longitudinal 
precipitation bands are believed to contribute significantly to this disparity in biocrust 
cover. The effects of elevation on biocrust cover are inextricably linked to the influences 
of climate, litter layer, stand structure, availability of substrate, aspect and soil chemistry 
across these elevations.  As with other factors influencing biocrust cover, more 
determinate conclusions would likely be achieved through a localized study in which 
climate factors are held constant as elevational relationships between these variables are 
explored.   
 
3.5.5 Soil Texture  
Soil textural class does not directly influence total biocrust cover, counter to findings of 
arid soil biocrusts (Belnap et al, 2001).  Across the range of site-specific soil textures, 
biocrusts did not, by morphological group, exhibit a greater association on one soil 
texture over another (Figure 15).  The physiological nature of biocrusts and lack of true 
roots mean that they are unable to directly access water stored within the profile; 
therefore localized climate/microclimate may predominate over soil texture in 
influencing biocrust presence, abundance and distribution. The literature provides 
evidence for biocrust colonization over a wide range of soil textures.  The suitability of 
soil for biocrust colonization is driven in concert with climate regime.  Soil texture 
directly influences the available surface moisture of a soil, a factor critical to the 
photosynthesis and respiration of non-vascular biocrusts.  The ability of a soil to retain 
moisture is further influenced by soil organic matter, with inputs from the litter layer 
enhancing the retention of moisture in mineral soils.  To that end, these factors, outside 62 
 
the control of this study, are believed to have significant influence over the substrate 
suitability of a particular soil texture.  Because moisture retention is directly linked to 
moisture inputs from the environment, it might be expected that areas with unstable, 
nutrient-poor soils would be less readily colonized than soils in which the opposite holds 
true.  To the contrary, biocrust species are highly adapted to survive under a wide range 
of climate conditions and soils, with species-specific adaptations documented in several 
climates.  Future work identifying species-specific associations across mineral soil 
textural class would serve to expand upon the more generalized observations of this 
study, highlighting the adaptive nature of biocrusts at the species level. 
 
3.5.6 Soil Organic Matter  
Soil organic matter (SOM) was positively correlated with increases in total biocrust cover 
(Figure 16).  In concert with litter debris from other plant sources, it is logical that the 
presence and subsequent death and decay of biocrusts growing on the mineral surface act 
as a positive feedback loop in increasing SOM.  In forest soils, SOM is derived primarily 
from decaying organic matter, the abundance of which is directly related to vegetative 
productivity dictated by plant available moisture in soils.  Consistent with this theory, 
SOM content was found to increase with precipitation across the transect.  This 
relationship is important as it follows the same general trend seen between increasing 
precipitation and biocrust cover.  Biocrusts are commonly recognized for their role in 
carbon sequestration within the mineral soil and are also attributed to the accumulation of 
SOM (peat bogs are an obvious exemplar of this concept).  Based upon these 
relationships, is not surprising that this trend between SOM levels and biocrust cover was 
observed across this transect. 
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3.5.7 Soil pH 
Soil pH appeared related to total biocrust cover; decreasing pH was positively related to 
total biocrust cover (Figure 18), paralleling the concept of moving from an arid to 
forested region.  This relationship is believed to be primarily influenced by the role of 
precipitation in changes to soil pH with humid areas generally typified by lower pH than 
arid regions.  This held true for many of the sites in the study, with outliers assumed to be 
related to soil chemistry, mineralogy or the influence of litter quantity and quality on the 
variability of soil pH.  Biocrusts are adapted to and found across a range of soil pH 
(Ponzetti and McCune, 2001; Richardson et al., 2004; Zelikova et al., 2012).  
Precipitation remains the dominant factor in terms of presence or absence of biocrust 
communities, with pH and soil chemistry limiting for some biocrust species (Ponzetti and 
McCune, 2001).  In desert soils low pH was positively associated with biocrust cover, 
driven in large part by the soil chemistry of the region. 
 
3.5.8 Substrate Colonization  
Biocrust colonization of selected substrate across the transect from west to east was 
highly variable and not well-defined by this study. Sites with 100% mineral soil coverage 
range widely across the precipitations while other substrates are represented irregularly 
across this gradient.  Based upon relationships observed during the study, substrate 
colonization appears to be complexly related to climate, litter layer, stand structure, forest 
management and fire regime. While this study did not attempt to control for each of these 
variables, several sites within the study area provide a preliminary set of comparatives 
that lend some insight into the complex nature of these relationships. 
 
3.5.9 Stand Structure 
Exemplars of the relationship between stand structure and biocrust cover are sites 132 
and 133, adjacent sites (same climate) with distinctly different stand structure.  Site 132 is 
an old-growth stand with a deep litter layer and biocrust presence limited to dead wood 
and rock surfaces with a total biocrust cover estimated at 40%.  Site 133 64 
 
(opportunistically selected) is a maturing stand (logged within the last 60 years) with a 
shallow litter layer exhibiting twice the total biocrust cover (80%) of site 132 and hosting 
biocrusts on all three available substrates.  Adjacent sites 116 and 117 (opportunistically 
selected) provide comparatives showing impact of harvest and fire on the overall 
distribution and abundance of biocrusts.  Site 116 is a maturing stand estimated at 40+ 
years old with a total biocrust cover of 60%, whereas 117 has been recently harvested and 
burned and has a total biocrust cover of 1%.  Though the same morphological groups 
were represented over all three substrates, site 117 biocrust on dead wood and rock 
surfaces was relegated primarily to the margins of the harvest/burn area (mineral soil 
biocrust is charred throughout), while 116 had a more even distribution of biocrusts 
throughout the stand. 
 
Observations from this study suggest that in order to establish the more determinant 
nature of the relationship between substrate colonization and climate, a localized 
approach with a study area restricted to a more conservative geographic boundary would 
be required in order to control for litter layer depth, stand structure, forest management 
and fire regime. 
 
3.5.10 Biocrust Morphological Groups and Substrate Preference 
A definitive relationship between biocrust morphological groups to substrate type was 
found across precipitation gradients. Biocrust inhabiting mineral soil substrates were 
found to be preferentially colonized by TM, while dead wood substrates were most 
commonly colonized by SM and rock substrates by CL. This distribution would indicate 
a relationship between biocrust morphological groups and preferred substrate types.  
Species specificity for substrate types is commonly documented, with many biocrust 
species recognized as obligate to specific substrates (Raabe et al., 2010), or specialized to 
fill a specified niche (Rambo, 2001).  Competition between members of the biocrust 
community is also known to influence the abundance and distribution of forest soil 
biocrusts with SM and TM domination on dead wood and mineral surfaces commonly 65 
 
attributed to competitive advantages of this morphological group over LI, CL and FL 
groups (Botting and DeLong, 2009).   As discussed in previous sections, stand structure 
and age have a strong influence of the availability of dead wood, litter layer and mineral 
soil availability for colonization.  Isolating these factors across constants of climate, 
forest management and soil factors would be necessary in order to more clearly define the 
relationship between morphological groups and substrate preference.   
 
A generalize conceptual model shows how SCORPAN variables might influence biocrust 
presence, abundance and distribution within forested ecosystems over time.  While desert 
biocrust succession is focused primarily on the mineral soil, in forest ecosystems 
biocrusts are also often found on rock surfaces and dead wood.  In arid regions, the nature 
of the mineral soil substrate does not change appreciably over this successional period.  
Forested regions experience a relatively high rate of weathering of mineral soil, rock and 
dead wood substrates, significantly changing the chemical and physical composition of 
biocrust substrates in forested ecosystems, potentially altering the successional path of 
the biocrust community as a whole.  Figure 20 compares desert and forest biocrust 
successional pathways over time.  
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Figure 21: Biocrust comparative successional model for arid and forest ecosystems. 
 67 
 
3.6 Summary 
The intent of this study was two-fold; 1) to establish parameters for forest soil biocrust 
morphological groups, morphologies and substrate availability and 2) to show the general 
trend of forest soil biocrust abundance and distribution across climate gradients and soils, 
with a focus on the specific distribution of morphological groups and available substrate 
types across the transect.   
 
While many of the trends shown are consistent with existing literature, no study had yet 
examined these variables from the perspective of what has, through this study, been 
established as the biological soil crust community of the forest ecosystem.  Created as an 
extension of work in arid regions biocrusts, parallel nomenclature was utilized in an 
effort to unite the two fields.  
 
Conducted across a large transect, the relatively small and only partially random sample 
size of this study did not examine the effects of the direct influence of comparable stand 
structure, stand age, litter layer depths and vegetative cover on biocrust abundance and 
distribution within localized climates.  The aforementioned are suggested areas of future 
study based upon data and observations made across the study area and the anticipated 
significance thereof.  Understanding the trends in abundance and distribution of forest 
soil biocrusts is the first step in understanding their potential influence in mitigating 
erosion, shaping species composition of plant communities and influencing overall soil 
quality in forested ecosystems. 
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Chapter 4: Conclusions 
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This study sought to understand the abundance and distribution of forest soil biocrusts 
across climate gradients from semi-arid to temperate forested ecosystems.  Not yet 
defined in the literature, this study also sets forth to establish criteria in parallel with 
established guidelines in arid environments for the identification of biocrust 
morphological groups in the field for forest soils.  Given the recent attention on the 
ecological importance of these biocrusts in arid regions, it is anticipated that future focus 
will turn to other ecosystems in which biocrust communities exist.  Semi-arid and 
temperate forests are two of the ecosystems in which, to this point, biological soil crusts 
have yet to been formally recognized.  This study posits that the understanding of 
biocrusts in arid regions provides transferable knowledge to the study of biocrusts in 
forests. Understanding the ecological functions of biocrusts in forested ecosystems 
requires an appreciation for similarities and differences between the variables present in a 
forest compared with arid desert and shrub-steppe, the most obvious of which is the 
respective presence and absence of trees.  To that end, the abundance and distribution of 
biocrusts across forested ecosystems is studied based upon shared variables such as 
climate, soil texture, soil pH, elevation, aspect and those anticipated to be more 
significant to forest soils, for the purposes of this study limited to soil organic matter and 
litter layer depth.  
This study found several relationships between these variables and the abundance, 
distribution and overall cover of biocrusts across study sites.  True to the goal of 
comparing forest soil biocrusts to those of the arid regions was the initial use and 
subsequent modification of the previously established key.  It was found that 
morphological groups do vary in their distribution from those of arid regions, with forest 
soil colonized chiefly by bryophyte-dominated as opposed to lichen-dominated biocrusts.  
Distinct from arid biocrusts studied mainly in association with mineral soil substrates, 
forest soils were found to exist on mineral soils, dead wood, and rock surfaces.  
Morphological groups exhibited a discernible preference for these substrates, though 
colonization by morphological group was not necessarily exclusive of one substrate.  
Total biocrust cover was found to increase with precipitation, a variable also associated 70 
 
with decreases in soil pH, and increases in soil organic matter and litter depth.  No direct 
relationship was established between soil texture and total biocrust cover, attributed in 
large part to the influence of climate as a non-limiting factor in biocrust presence.  Aspect 
followed the generally expected trend, with W, SW, and S aspects commonly associated 
with higher UV exposure, a driving factor in the presence or absence of certain members 
of the biocrust community.  Elevation appeared to influence the abundance and 
distribution of forest soil biocrusts, but is believed to be confounded by precipitation 
bands that exist at specific longitudes across the transect, as well as site-specific aspect. 
In summary, this study provides a unique first look at bridging the gap between arid soil 
biocrusts and those of the semi-arid and temperate conifer forests.  Through the 
examination of shared variables, we gain insight into the some of the parallels that can be 
drawn between these two distinct communities.   Morphological groups of both the arid 
soil biocrusts and forest soil biocrusts are responsive to changes in precipitation and 
aspect.  Soil pH influences both morphological groups, driven by the constant influence 
of climate on soil chemistry.  Confounded by precipitation (and temperature) gradients, 
elevational responses of the forest soil biocrust community followed a less direct 
relationship.  Distinct to forest communities are often significant levels of soil organic 
matter and an often present litter layer, both of which exert influences on the forest soil 
biocrust community not experienced by their arid counterparts.  Many of the relationships 
established in the study bring us full circle and serve as a reminder of the interconnected 
nature of soils and soil forming factors (S=f(s,c, o, r, p, a, n)), represented in this study in 
modified form by O=f(s, c, r, p, a, n) in which the abundance and distribution of forest 
soil biocrusts (O) is a function of soil (s), climate (c), relief/topography(r), parent material 
(p), age (a) and geographic location (n).   
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